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FIGURE 1 (continued)
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FIGURE 2
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FIGURE 3 (continued)
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FIGURE 7 (continued)
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FIGURE 11
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FIGURE 12
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FIGURE 15
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BIOMATRIX SCAFFOLDS FOR INDUSTRIAL
SCALE DISPERSAL

STATEMENT OF PRIORITY

This application is a 35 U.S.C. §371 national phase appli-
cation of International Application Serial No. PCT/US2011/
042825, filed Jul. 1, 2011, which claims the benefit, under 35
U.S.C. §119(e), of U.S. Provisional Patent Application No.
61/360,939, filed Jul. 2, 2010, the entire contents of which are
incorporated by reference herein.

STATEMENT OF GOVERNMENT SUPPORT

This invention was made with government support under
Grant Nos. DK065933, DE019569, AA014243, CA016086
and DK034987 awarded by the National Institutes of Health.
The government has certain rights in the invention.

FIELD OF THE INVENTION

This invention concerns biomatrix scaffolds and methods
of producing biomatrix scaffolds and their use in diverse
applications as intact scaffolds or as scaffolds that are sec-
tioned or pulverized and dispersed in various ways for spe-
cific experimental and clinical uses.

BACKGROUND OF THE INVENTION

The ability to use differentiated cells ex vivo or in clinical
programs such as cell therapies depends on the ability to
maintain the cells with an adult phenotype and fully func-
tional or to be able to lineage restrict stem cells or progenitors
(“stem/progenitors™) to achieve that adult phenotype. The
ongoing revolution in stem cell research has made possible
the identification and isolation of stem/progenitor cell popu-
lations including those from embryonic, fetal and postnatal
tissue’. The ability to identify and isolate the stem/progeni-
tors for all adult cell types and to expand and to differentiate
them greatly increases the potential for utilizing them for
pharmaceutical and other industrial research programs, for
academic investigations and for clinical programs such as cell
based therapies, and tissue engineering”.

Current methods for maintaining differentiated cells or of
lineage restricting stem cells to an adult fate ex vivo are
partially successful and involve plating the cells onto or
embedded into a substratum of an extracellular matrix com-
ponent(s) and into a medium comprised of specific hormones,
growth factors and nutrients tailored for the adult phenotype
desired. For very primitive stem cells such as embryonic stem
(ES) cells or induced pluripotent stem (iPS) or postnatally-
derived ones that can go to multiple adult fates, such as
mesenchymal stem cells (MSCs) or amniotic fluid-derived
stem cells (AFSCs), the stem cells are subjected to a mix of
soluble signals and/extracellular matrix components and
must be treated with multiple sets of these signals over weeks
of time. Typically the adult phenotype achieved is distinct
with every preparation and has over or under expression of
certain adult-specific genes and/or aberrant regulation of one
or more of the adult tissue-specific genes.

Extracellular matrix is secreted by cells, is adjacent to them
on one or more of their surfaces, and has long been under-
stood to be the structural support for cells’. It is an extraor-
dinarily complex scaffold composed of a variety of biologi-
cally active molecules that are highly regulated and critical
for determining the morphology, growth, and differentiation
of the attached cells®. Tissue-specific gene expression in cul-
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tured cells is improved by culturing the cells on matrix
extracts or purified matrix components®. However, individual
matrix components, alone or in combination, are unable to
recapitulate a tissue’s complex matrix chemistry and archi-
tecture. This is related to the fact that the matrix components
are in gradients associated with natural tissue zones and with
histological structures such as blood vessels. This complexity
of the tissue matrix is more readily achieved by extractions
that decellularize a tissue and leave behind the matrix as a
residue’®'’. However, current decellularization protocols
result in major losses of some of the matrix components due
to the use of matrix-degrading enzymes or buffers that solu-
bilize matrix components.

The present invention provides biomatrix scaffolds and
methods of making and using such biomatrix scaffolds. The
methods of this invention result in the production of a tissue-
specific extract enriched in a majority of the collagens of the
tissue and with bound matrix components and matrix-bound
hormones, growth factors and cytokines that collectively
yield more reproducible and potent differentiation effects on
both mature cells and in lineage restriction of stem/progenitor
cell populations.

SUMMARY OF THE INVENTION

The present invention provides a method of producing a
biomatrix scaffold from biological tissue for dispersal (e.g.,
industrial scale dispersal employing volumes as described,
for example in the protocols set forth in Example 2) onto
culture apparatus, comprising: a) perfusing the biological
tissue or homogenizing the biological tissue with a buffer
comprising a salt concentration from about 3.5M NaCl to
about 4.5M NaCl; b) perfusing the biological tissue or
extracting the homogenate of step (a) with a delipidating
buffer comprising lipases and/or detergents in a first medium,
wherein the osmolality of said first medium is from about 250
mOsm/kg to about 350 mOsm/kg and said first medium is
serum free and at neutral pH; then

¢) perfusing the tissue or extracting the homogenate of step
(b) with a buffer at a neutral pH and comprising a salt con-
centration from about 2.0M NaCl to about 5.0M NaCl, the
concentration chosen to keep insoluble collagens identified in
the biological tissue; then

d) perfusing the tissue or extracting the homogenate of step
(c) with RNase and DNase in a buffer; and then

e) rinsing the tissue or homogenate of step (d) with a
second medium that is at neutral pH, is serum-free and has an
osomolality from about 250 mOsm/kg to about 350 mOsm/
kg, thereby producing an intact or homogenized biomatrix
scaffold from the biological tissue, said biomatrix scaffold
comprising at least 95% of the collagens and most collagen-
associated matrix components and matrix bound growth fac-
tors, hormones and cytokines of the biological tissue;

f) diluting the biomatrix scaffold in basal medium;

g) freezing the biomatrix scaffold of (f) at about -80° C.;

h) pulverizing the biomatrix scaffold of (g) by cryogenic
grinding into biomatrix particles ranging in size from about 1
um to about 100 pm;

1) thawing the biomatrix particles of (h) in suspension in
basal medium; and

j) dispersing the biomatrix particles of step (i) onto a cul-
ture apparatus, thereby producing a biomatrix scaffold from
biological tissue for dispersal (e.g., industrial scale dispersal
as described herein) onto culture apparatus.

The present invention further provides biomatrix scaffold
produced by the methods of this invention.
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The foregoing and other aspects of the present invention
will now be described in more detail with respect to other
embodiments described herein. It should be appreciated that
the invention can be embodied in different forms and should
not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this
disclosure will be thorough and complete, and will fully
convey the scope of the invention to those skilled in the art.

BRIEF DESCRIPTION OF THE DRAWINGS

FIGS.1A-E1. Rat liver biomatrix scaffold preparation. (A)
Four-step decellularization process comprised of perfusion
wash, delipidation with PL.A2 and SDC, high salt washes, and
nuclease treatment for nucleic acid removal. (B-D) Four
stages in the preparation of rat biomatrix scaffold. (B) After
perfusion wash with basal medium for 10 minutes the liver
becomes pale; (C) during delipidation, the liver becomes
partially transparent under GC (D) final intact scaffold looks
transparent at 40 minutes of perfusion; (E) biomatrix scaffold
shown at low magnification. (E1) Visualization of scaffold
perfused with rhodamine-labeled dextran particles demon-
strates progressive flow from large vessels to the fine blood
vessel branches along the channels without leakage, indicat-
ing patent vasculature in scaffolds. Corresponding hematoxy-
lin and eosin (H&E) staining of biomatrix scaffold in difter-
ent stages demonstrated that the histological structures such
as blood vessels and lace-like matrix enveloping the paren-
chyma are preserved, whereas cells are removed. The normal
rat hepatic portal triad structure consisting of the portal vein
(PV),hepatic artery (HA), and bile duct (BD) (B1); the matrix
fibers becoming apparent as the cells are gradually removed
during the decellularization process (C1); decellularized por-
tal triad region, compare (B1) with that in (D1); D2 and D3
show that all of the cells are removed from the matrix scaffold
but mesh structures are preserved such as the blood vessels,
GC, and the lace-like matrix that surrounds muralia of paren-
chymal cells.

FIGS. 2A-H. TEM (A-C) and SEM (D-H) images of rat
liver biomatrix scaffolds. (A) Low magnification of blood
vessel (BV) with a thick wall (W). Collagen Type 1 (large
arrowhead) is numerous and contains cross-sections of indi-
vidual fibers that do not take up heavy metal stains (white
dots, small arrowheads). (B) Higher magnification of a vessel
wall shows basement membrane (large arrow), amorphous
elastin (*) and associated elastic fibers, a rare membrane
vesicle remnant (small arrowhead), a collagen Type [ banded
fiber (arrowhead) and small fibrils (small arrows). The small
fibrils are probably fibrillin (Type VI collagen) that associates
closely with and helps organize Type I collagen. (C) High
magnification of Type I collagen with 64 nm banding pattern
(arrows). (D) Low magnification of a vessel with thin wall
(BV) and the wall of a larger vessel (W). (E) At higher
magnification, the large vessel wall (W) is scalloped, consis-
tent with hepatic artery of a portal triad, see (A). Beneath the
wall are numerous Type I collagen bundles (large arrow)
linked by long branching thin, reticular (Type III) collagen
fibrils (small arrows). (F) A large bundle of Type I collagen
has characteristic parallel fibers (large arrow) associated with
a variety of smaller fibers (arrow) and nodular or beaded
fibers (arrowhead). (G) 3D-meshwork of large/small fibers
interlinked in a plane that forms a boundary such as to a liver
sinusoid. (H). Higher magnification of the meshwork show-
ing a variety of fibers (arrows): Type III collagen (larger
diameter straight), elastic fibers or Type VI collagen.

FIGS. 3A-B. Chemical analysis of collagens and expres-
sion of extracellular matrix (ECM) components in biomatrix
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scaffolds. (A) The content of three amino acids, all found in
collagens: hydroxyproline (Hyp), hydroxylysine (Hyl), and
glycine (Gly). The numbers represent the residues of each
amino acid/1,000 amino acids. The data indicate the dramatic
increase in the collagen content in the decellularization pro-
cess going from <0.2% in liver to more than 15% in the
biomatrix scaffolds. (B) Immunohistochemical staining of
matrix molecules in biomatrix scaffolds, shows distribution
in liver biomatrix scaffolds of laminin (LAM), heparan sul-
fate (HS), collagen type 111 (COL3) and fibronectin (FN) and
typical basement membrane proteins in association with rem-
nants of blood vessels. At higher magnification, one can
observe main members of basement membrane, including
type IV collagen (COL4), entactin (Ent; also called nidogen),
laminin (LAM) and perlecan (Per), a form of HS-PG in the
portion of the scaffolds near the portal triads.

FIGS. 4A-D. Pattern of ECM components from portal triad
to central vein in biomatrix scaffolds. Histological compari-
son from portal triad (zone 1) to central vein (zone 3) of
normal liver (A) and liver biomatrix scaffold (B); both are
hematoxylin/eosin stained sections. (C) The model illustrat-
ing a stem cell and maturational lineage system in the liver
with representative matrix components shown that form pat-
terns associated with the liver zonation. The components are
listed in order of abundance from the findings of immunohis-
tochemistry. The known lineage stages within human livers
begin periportally in zone 1 (around portal triads) and
progress in maturation ending with apoptotic cells in zone 3.
The known matrix chemistry identified in the liver’s stem cell
niche is comprised of hyaluronans, type III collagen, a form
of laminin that binds to a.6f4 integrin, and a weakly sulfated
form of CS-PG*****. Just outside the stem cell niche are found
Type IV collagen, normally sulfated CS-PGs and HS-PGs
and forms of laminin binding to aAl integrin. HP-PGs have
been documented to be located uniquely pericentrally*>#S.
(D) The survey of matrix components and their location in
liver versus those in biomatrix scaffolds, data summarized
from immunohistochemistry findings (N/D=not tested.
*Found by others to be exclusively near central veins). Most
components of the cytoskeleton are lost during the washes,
residues of some, but not all, cytoskeletal proteins are present.
The scaffolds are devoid of detectable amounts of tubulin,
desmin, and actin (phalloidin assays). However, there are
trace amounts of cytokeratins scattered randomly in the scaf-
folds; trace amounts of a.-smooth muscle actin around rem-
nants of blood vessels at the portal triads; and low levels of
vimentin throughout.

FIGS. 5A-1. Characterization of hHpSCs on liver bioma-
trix scaffolds versus on type 1 collagen. Phase-contrast
images (A-D) show the morphologic changes of hHpSC colo-
nies derived from the same liver and cultured in serum-free
Kubota’s medium and on tissue culture plastic (A), one of the
conditions for self-replication, versus in the differentiation
conditions of the serum-free differentiation medium for liver,
and on type I collagen (B) versus on bovine liver biomatrix
scaffolds (C-E). Functional and fully viable cultures did not
last more than ~2 weeks on type I collagens. By contrast,
those on the liver biomatrix scaffolds were viable and healthy
and with a full repertoire of functions lasting at least a month.
The cultures transitioned to cells by days 7-12 with increased
cytoplasmic/nuclear ratio and marked glycogen expression
(C) and then to ones with classic polygonal hepatocyte mor-
phology interspersed by clear bile canaliculi (D), a culture
morphology that persisted thereafter, as indicated in the rep-
resentative culture at day 24 (E). RT-PCR assays show gene
expression changes of hHpSCs under self-replication condi-
tions on culture plastic (F) versus on rat liver biomatrix scaf-
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folds on day 7 (G). We compared expression of hHpSC mark-
ers, including CXCR4 and EpCAM,; early hepatocytic genes
including CK19 (KRT19), HNF6, FOXA2, AFP and low
levels of albumin; mature hepatocytic markers including high
levels of albumin (ALB), transferrin (TF), CYP450-3A4,
tyrosine aminotransferase (TAT), and glucose-6-phoshatase
(G6PC) and cholangiocytic genes, including CFTR, gamma
glutamyl transpeptidase (GGT1), anion exchange 2 (AE2)
and apical sodium-dependent bile acid transporter (ASBT).
Biochemical assays measuring urea (H) synthesized in cul-
tures on type I collagen versus on rat liver biomatrix scaffolds
and CYP450-3A4 activity (I) in cultures on type I collagen
versus on biomatrix scaffolds prepared from either rat or
bovine livers. Table 7 provides a summary of quantitative
measures comparing attachment, viability, growth, culture
life span, and tissue-specific gene expression of hHpSCs
freshly isolated, under culture conditions for self-replication
(type III collagen), or under conditions for differentiation on
collagen I, versus liver biomatrix scaffolds.

FIGS. 6 A-D. Immunofluorescence staining of cells lineage
restricted from hHpSCs on biomatrix scaffolds. (A) Stained
with hepatic specific marker: albumin (Alb, light grey) and
hepatic stem cell surface marker: EpCAM (white). Note that
cells plated on biomatrix scaffold do not express EpCAM.
Scale bar=200 um. (B) Stained with early hepatic marker
a-fetoprotein (AFP, light, grey) and with an antibody to
human cholangiocyte marker, cytokeratin 19 (CK19, white)
that at this level of expression is indicative of mature cholan-
giocytes. The antibody to CK19 assay is human-specific and
did not stain the residue at rat CK19 in the scaffolds not
seeded with cells. The AFP expression is low but still evident
atday 7. Scale bar=204 um. (C) Stained with Alb (light grey)
and hepatic stellate cell marker, a-smooth muscle actin
(ASMA, white). The expression of albumin and ASMA is a
strong indication that both maturing hepatocytes and stellate
cells are present. Scale bar=100 um. (D) Stained with func-
tional hepatic protein CYP450-3A4 (light grey) and cholan-
giocyte-specific marker, secretin receptor (SR, white) show-
ing that the maturing hepatocytes and cholangiocytes are
functional and express classic markers for these two cell
types. Scale bar=200 pm.

FIGS. 7A-D. Stability of fully functional, mature human
hepatocytes on biomatrix scaffolds. Adult human hepatocytes
plated in the differentiation medium and onto type I collagen
(A,B)versus on bovine liver biomatrix scaffolds (C) that were
cryogenically pulverized, dispersed in medium and allowed
to sediment onto the plates. Cells on type I collagen are fully
viable and at their peak of differentiation from 7-12 days
(A—shown at 7 days); they begin to deteriorate after ~2
weeks, and by 20 days (B) they are dead, dying and non-
functional. By contrast, those plated onto liver biomatrix
scaffolds (C) are functional for at least 8 weeks (longer times
have not been assessed yet); here is shown after 21 days in
culture on pulverized liver biomatrix scaffolds. CYP450-3A4
assays on cultures of two separate preparations of cryopre-
served adult human liver cells plated onto biomatrix scaffolds
versus on type I collagen and assayed on day 12 (D). The
sample ZHep-007 is representative of cryopreserved samples
with good attachment after thawing; the sample Z1.-013 is
representative of those lots that have poor or no attachment
after thawing. Thus, even these poorer quality samples are
able to attach to biomatrix scaffolds and remain viable long
term. In both samples assayed, the levels of P450s are higher
when cultured on liver biomatrix scaffolds. With time on the
biomatrix scaffolds, the lots of poorer quality cryopreserved
cells will improve.
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FIG. 8. Activation of phospholipase A2 by sodium deoxy-
cholate to produce lysolecithin. Principle of the protocol:
Phospholipase A2 (PLLA2) activated by sodium deoxycholate
will degrade the phosphoglyceride located on the cytoplas-
mic membrane and mitochondrial membrane into lysoleci-
thin, a powerful surfactant, which induces cell necrosis.

FIG. 9. Analysis of the collagen composition of rat livers
versus rat liver biomatrix scaffolds. The amino acid compo-
sition of biomatrix (black) and whole liver (light grey) pre-
sented in the form of a Rose Diagram. A three-letter abbre-
viation is used for each amino acid analyzed. Tryptophan and
cysteine were not analyzed. The numbers indicate the amino
acid residues/1,000.

FIGS. 10A-C. Nucleic acid analysis of rat liver biomatrix
scaffold. Phase contrast photo (A) and fluorescent DAPI
staining (B) of the liver biomatrix slide, and quantitative
assays on total DNA and RNA from rat fresh liver tissue
versus biomatrix scaffold (C).

FIGS. 11A-C. Staining of the biomatrix scaffold after plat-
ing hHpSCs onto the biomatrix scaffold. Live (calcein-AM,
white)/Dead (ethidium bromide or EtD-Br,, light grey) assay
indicates hHpSCs colonies were viable on biomatrix scaffold
sections but did not take up dye in the middle of the colonies
(A,B) for the first few days due to the known pumps in the
stem cells (e.g., MDR1) that eliminate the vital dyes. In (B)
the fluorescence image is merged with the phase one to indi-
cate that the center of the colony contains cells. By day 7, the
cells throughout the colony had differentiated and took up the
vital dye in almost all the cells throughout the colony (C).

FIGS. 12A-F. Comparison of rat hepatocytes cultured on
type I collagen to rat hepatocytes cultured on rat liver bioma-
trix scaftolds. Adult rat hepatocytes cultured on type I col-
lagen and biomatrix scaffold at day 3 (A,C) and day 10 (B,D).
They attached within several minutes on liver biomatrix scaf-
folds and survived for as long as tested, more than 8 weeks
(C,D); longer time periods were not tested. The cultures are
very three-dimensional on the biomatrix scaffolds. Urea syn-
thesis (E) and cell viability assay (F) atday 1,3, 5, 7, 10, 14,
21 and 28, n=3.

FIGS. 13A-D. Comparison of a human pancreas to a
human pancreatic biomatrix scaffold. Human pancreas (A) vs
human pancreatic biomatrix scaftold (B-D) embedded in par-
affin, sectioned and stained with Hematoxylin and Eosin
(H&E). Islet structures have been outlined in B. The acinar
regions of pancreatic biomatrix scaffolds are shown in C and
D.

FIG. 14. Comparison of representative matrix components
and one cytoskeletal component, vimentin, found in human
pancreatic tissue versus rat pancreatic biomatrix scaffolds.
Other cytoskeletal components (desmin, tubulin, actin) were
not found in detectable amounts or were found in trace
amounts (cytokeratins). The dashed lines encircle islets, note
that syndecan 1 and collagen type VI are strongly positive in
the islets both in pancreas tissue and in biomatrix scaffolds.
Syndecan 1 is found only in the islets (dashed line) but not in
the acinar cells (arrows); collagen type III is more enriched in
acinar cells and around blood vessels (arrows), but not in the
islets.

FIGS. 15A-C. Histological and immunohistochemistry
staining of human duodenum biomatrix scaffold. (A) Outside
and lumen side of human duodenum biomatrix scaffold. The
multilayer structures between the normal tissue (B) and
biomatrix scaffold (C) were compared in H&E stained sec-
tions and results show scaffolds retained the villus and blood
vessels in the mucosa and submucosa layers. Lower panels
show immunohistochemistry staining of human duodenum



US 9,102,913 B2

7

biomatrix scaffold indicated variable amounts of extracellu-
lar matrix proteins retained in the scaffold.

FIGS. 16 A-D. Comparison of a human gallbladder tissue
to a human gallbladder biomatrix scaffold. Human gallblad-
der tissue (A,B) versus biomatrix scaffolds (C,D) prepared
from it. The tissue and the biomatrix scatfolds were embed-
ded in paraffin, sectioned and stained with hematoxylin and
eosin.

FIG. 17. Example of preparation of biomatrix solution for
1:24 dilution. 30 m1x3=90 ml. 30 ml biomatrix+90 ml Solu-
tion 5=120 ml biomatrix solution for 1:24 dilution.

DETAILED DESCRIPTION OF THE INVENTION

The present invention will now be described more fully
hereinafter. This invention may, however, be embodied in
different forms and should not be construed as limited to the
embodiments set forth herein. Rather, these embodiments are
provided so that this disclosure will be thorough and com-
plete, and will fully convey the scope of the invention to those
skilled in the art.

The terminology used in the description of the invention
herein is for the purpose of describing particular embodi-
ments only and is not intended to be limiting of the invention.
As used in the description of the invention and the appended
claims, the singular forms “a,” “an” and “the” are intended to
include the plural forms as well, unless the context clearly
indicates otherwise.

Unless otherwise defined, all terms (including technical
and scientific terms) used herein have the same meaning as
commonly understood by one of ordinary skill in the art to
which this invention belongs. It will be further understood
that terms, such as those defined in commonly used dictio-
naries, should be interpreted as having a meaning that is
consistent with their meaning in the context of the present
application and relevant art and should not be interpreted inan
idealized or overly formal sense unless expressly so defined
herein. The terminology used in the description of the inven-
tion herein is for the purpose of describing particular embodi-
ments only and is not intended to be limiting of the invention.
All publications, patent applications, patents and other refer-
ences mentioned herein are incorporated by reference in their
entirety.

Also as used herein, “and/or” refers to and encompasses
any and all possible combinations of one or more of the
associated listed items, as well as the lack of combinations
when interpreted in the alternative (“or”

Unless the context indicates otherwise, it is specifically
intended that the various features of the invention described
herein can be used in any combination. Moreover, the present
invention also contemplates that in some embodiments of the
invention, any feature or combination of features set forth
herein can be excluded or omitted. To illustrate, if the speci-
fication states that a complex comprises components A, B and
C, it is specifically intended that any of A, B or C, or a
combination thereof, can be omitted and disclaimed singu-
larly or in any combination.

As used herein, the transitional phrase “consisting essen-
tially of” (and grammatical variants) is to be interpreted as
encompassing the recited materials or steps “and those that do
not materially affect the basic and novel characteristic(s)” of
the claimed invention. See, In re Herz, 537 F.2d 549, 551-52,
190 U.S.P.Q. 461, 463 (CCPA 1976) (emphasis in the origi-
nal); see also MPEP §2111.03. Thus, the term “consisting
essentially of” as used herein should not be interpreted as
equivalent to “comprising.”
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The term “about,” as used herein when referring to a mea-
surable value such as an amount or concentration (e.g., the
percentage of collagen in the total proteins in the biomatrix
scaffold) and the like, is meant to encompass variations of
20%, 10%, 5%, 1%, 0.5%, or even 0.1% of the specified
amount.

The present invention is directed to the discovery and
development of a biomatrix scaffold that has unexpected
improvements and advantages over decellularized tissue
scaffolds now known, some examples of the improvement
and advantage being the use of the biomatrix scaffold of this
invention to efficiently maintain mature cells and/or to lin-
eage restrict and/or differentiate stem cells to mature fates
and/or to maintain such matured cells as functional for an
extended period of time. As a further example, use of the
biomatrix scaffolds of this invention reduces the time to pro-
duce cells of mature fates from about three to six weeks or
more to about one to two weeks. The biomatrix scaffolds of
this invention are produced using specific protocols that
employ the appropriate balance of salt concentration and
ionic strength (different collagens have different solubility
constants (23)) for a given tissue, to allow for the retention of
native collagens present in that tissue in insoluble form,
resulting in a biomatrix scaffold that retains a high percent of
native collagens that provide signals to drive lineage restric-
tion and differentiation. In contrast, decellularized scaffolds
produced according to known protocols do not employ such a
balance of salt concentration and ionic strength to allow for
retention of a high percent of these native collagens and most
of'these native collagens are lost when these known protocols
are used. Furthermore, the biomatrix scaffolds of this inven-
tion allow for production of lineage dependent (e.g., differ-
entiation dependent) viruses and/or pathogens in amounts
sufficient for experimental and/or therapeutic use (e.g., for
vaccine production).

Thus, in one embodiment, the present invention provides a
method of producing a biomatrix scaffold from biological
tissue, comprising the steps of: a) perfusing the biological
tissue or homogenizing the biological tissue with a first
medium, wherein the osmolality of said first medium is from
about 250 mOsm/kg to about 350 mOsm/kg and said first
medium is serum free and at neutral pH; then b) perfusing the
biological tissue or extracting the homogenate of step (a) with
a delipidating buffer comprising lipases and/or detergents in
said first medium; then c) perfusing the tissue or extracting
the homogenate of step (b) with a buffer at a neutral pH and
comprising a salt concentration from about 2.0M NaCl to
about 5.0M, the concentration chosen to keep insoluble col-
lagens identified in the biological tissue; then d) perfusing the
tissue or extracting the homogenate of step (c) with RNase
and DNase in a buffer; and then e) rinsing the tissue or
homogenate of step (d) with a second medium that is at
neutral pH, is serum-free and has an osomolality from about
250 mOsm/kg to about 350 mOsm/kg, thereby producing an
intact or homogenized biomatrix scatfold from the biological
tissue, said biomatrix scaffold comprising at least 95% (e.g.,
80%, 85%, 90%, 95%, 98%, 99%, 100%) of the collagens and
most collagen-associated matrix components and matrix
bound growth factors, hormones and cytokines of the unproc-
essed biological tissue. Also provided herein is a biomatrix
scatfold produced by any of the methods of this invention.

“Biomatrix scaffold” as used herein refers to an isolated
tissue extract enriched in extracellular matrix, as described
herein, which retains many or most of the collagens and
collagen-bound factors found naturally in the biological tis-
sue. In some embodiments essentially all of the collagens and
collagen-bound factors are retained and in other embodi-
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ments the biomatrix scaffold comprises all of the collagens
known to be in the tissue. The biomatrix scaffold may com-
prise at least about 50%, 60%, 70%, 75%, 80%, 85%, 90%,
95%, 97%, 98%, 99%, 99.5% or 100% of the collagens,
collagen-associated matrix components, and/or matrix bound
growth factors, hormones and/or cytokines, in any combina-
tion, found in the natural biological tissue. In some embodi-
ments the biomatrix scaffold comprises at least 95% of the
collagens and most of the collagen-associated matrix compo-
nents and matrix bound growth factors, hormones and/or
cytokines of the biological tissue. As described herein, “most
of the collagen-associated matrix components and matrix
bound growth factors, hormones and/or cytokines of the bio-
logical tissue” refers to the biomatrix scaffold retaining about
50%, 60%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%,
99%, 99.5% or 100% of the collagen-associated matrix com-
ponents and matrix bound growth factors, hormones and/or
cytokines found in the natural (e.g., unprocessed) biological
tissue.

Exemplary collagens include all types of collagen, such as
but not limited to Type I through Type XXIX collagens. The
biomatrix scaffold may comprise at least about 50%, 60%,
70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, 99%, 99.5% or
more of one or more of the collagens found in the natural
biological tissue and/or may have one or more of the col-
lagens present at a concentration that is at least about 50%,
60%, 70%, 75%, 80%, 85%, 90%, 95%, 97%, 98%, 99%,
99.5% or more of that found in the natural biological tissue.
The amount of collagen in the biomatrix scaffold can be
determined by various methods known in the art and as
described herein, such as but not limited to determining the
hydroxyproline content.

Exemplary collagen-associated matrix components
include, but are not limited to, adhesion molecules; adhesion
proteins; L- and P-selectin; heparin-binding growth-associ-
ated molecule (HB-GAM); thrombospondin type I repeat
(TSR); amyloid P (AP); laminins; nidogens/entactins;
fibronectins; elastins; vimentins; proteoglycans (PGs); chon-
droitin sulfate-PGs (CS-PGs); dermatan sulfate-PGs (DS-
PGs); members of the small leucine-rich proteoglycans
(SLRP) family such as biglycan and decorins; heparin-PGs
(HP-PGs); heparan sulfate-PGs (HS-PGs) such as glypicans,
syndecans, and perlecans; and glycosaminoglycans (GAGs)
such as hyaluronans, heparan sulfates, chondroitin sulfates,
keratin sulfates, and heparins. In some embodiments the
biomatrix scaffold comprises, consists of, or consists essen-
tially of collagens, fibronectins, laminins, nidogens/entac-
tins, elastins, proteoglycans, glycosaminoglycans, growth
factors, hormones, and cytokines (in any combination) bound
to various matrix components. The biomatrix scaffold may
comprise at least about 50%, 70%, 75%, 80%, 85%, 90%,
95%, 97%, 98%, 99%, 99.5% or more of one or more of the
collagen-associated matrix components, hormones and/or
cytokines found in the natural biological tissue and/or may
have one or more of these components present at a concen-
tration that is at least about 50%, 70%, 75%, 80%, 85%, 90%,
95%, 97%, 98%, 99%, 99.5% or more of that found in the
natural biological tissue. In some embodiments the biomatrix
scaffold comprises all or most of the collagen-associated
matrix components, hormones and/or cytokines known to be
in the tissue. In other embodiments the biomatrix scaffold
comprises, consists essentially of or consists of one or more
of the collagen-associated matrix components, hormones
and/or cytokines at concentrations that are close to those
found in the natural biological tissue (e.g., about 50%, 60%,
70%, 75%, 80%, 85%, 90%, 95%, 98% or 100% of the
concentration found in the natural tissue).
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Exemplary growth factors include, but are not limited to,
fibroblast growth factors (FGFs), nerve growth factors
(NGFs), epidermal growth factors (EGFs), transforming
growth factors, hepatocyte growth factors (HGFs), platelet-
derived growth factors (PDGFs), insulin-like growth factors
(IGFs), IGF binding proteins, basic fibroblast growth factors,
and vascular endothelial growth factors (VEGF). Exemplary
cytokines include, but are not limited to interleukins, lym-
phokines, monokines, colony stimulating factors, chemok-
ines, interferons and tumor necrosis factor (TNF). The bioma-
trix scaffold may comprise at least about 50%, 60%, 70%,
75%, 80%, 85%, 90%, 95%, 97%, 98%, 99%, 99.5%, 100%
or more (in any combination) of one or more of the matrix
bound growth factors and/or cytokines found in the natural
biological tissue and/or may have one or more of these growth
factors and/or cytokines (in any combination) present at a
concentration that is at least about 50%, 60%, 70%, 75%,
80%, 85%, 90%, 95%, 97%, 98%, 99%, 99.5%, 100% or
more of that found in the natural biological tissue. In some
embodiments the biomatrix scatfold comprises physiological
levels or near-physiological levels of many or most of the
matrix bound growth factors, hormones and/or cytokines
known to be in the natural tissue and/or detected in the tissue
and in other embodiments the biomatrix scaffold comprises
one or more of the matrix bound growth factors, hormones
and/or cytokines at concentrations that are close to those
physiological concentrations found in the natural biological
tissue (e.g., differing by no more than about 30%, 25%, 20%,
25%, 20%, 15%, 10%, 5%, 4%, 3%, 2%, 1%, 0.5% in com-
parison). The amount or concentration of growth factors or
cytokines present in the biomatrix scatfold can be determined
by various methods known in the art and as described herein,
such as but not limited to various antibody assays and growth
factor assays.

“Biological tissue” as used herein refers to any tissue of a
living or deceased organism or any tissue derived from a
living or deceased organism. The term “natural biological
tissue” and variations thereof as used herein refer to the
biological tissue as it exists in its natural or unmodified state
in the organism. The biomatrix scaffolds of the present inven-
tion can be prepared from any biological tissue. The biologi-
cal tissue may include any single tissue (e.g., a collection of
cells that may be interconnected) or a group of tissues making
up an organ or part or region of the body of an organism. The
tissue may comprise a homogeneous cellular material or it
may be a composite structure such as that found in regions of
the body including the thorax which for instance can include
lung tissue, skeletal tissue, and/or muscle tissue.

Exemplary biological tissues of this invention include, but
are not limited to liver, lung, thyroid, skin, pancreas, blood
vessels, bladder, kidneys, brain, biliary tree, duodenum,
abdominal aorta, iliac vein, heart and intestines, including
any combination thereof. The organism (i.e., subject) from
which the biological tissue is associated with or derived from
may be any animal, including mammals and non-mammals
such as invertebrates.

Exemplary subjects include, but are not limited to mam-
mals, such as but not limited to, humans, mice, rats, ferrets,
hamsters, rabbits, guinea pigs, pigs, porcine, dogs, cats,
horses, cows, sheep, monkeys, and chimpanzees, and non-
mammals, such as but not limited to birds, reptiles, and inver-
tebrate animals. The subject may be any age and/or size. The
biological tissue may be healthy, diseased, and/or have
genetic mutations. In some embodiments the biomatrix scaf-
folds of the present invention are tissue specific in their chem-
istry and functionality, i.e., the biomatrix scaffolds are repre-
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sentative or comparable to the biological tissue from which
they were created in terms of their chemistry and functional-
ity.

In some embodiments the native histology and patent vas-
culatures are maintained in the biomatrix scaffolds. This may
include the recognizable remnants of major histological enti-
ties of the biological tissue, such as but not limited to blood
vessels and other vasculature for any tissue; bile ducts and
Glisson’s capsule (GC) of the liver; pancreatic ducts, islets
and acini of the pancreas; bronchi, trachea, and alveoli of the
lungs, etc. In other embodiments the biomatrix scaffold’s
chemistry is matched to the histology (e.g., matrix around
blood vessels is distinct from that around hepatocytes). In
some embodiments the chemistry of the biomatrix scaffold is
in a gradient that is correlated with the histology. For
example, when the biological tissue is the liver, the biomatrix
scaffold may retain the gradient in the matrix chemistry cor-
relating with the hepatic acinar zones 1-3 from portal triad to
central vein and with histological entities such as vascular
channels and Glisson’s capsule (GC). Further examples
include, but are not limited to, blood vessels where the chem-
istry of the matrix around the blood vessels is replete with
high levels of network collagens (e.g., type IV and type VI),
elastins, and forms of HS-PGs; around the hepatocytes in the
periportal zone (zone 1), where laminins are high in concen-
tration along with a mix of CS-PGs and HS-PGs, whereas
around the pericentral zone (zone 3), are hepatocytes sur-
rounded by a mix of HS-PGs and HP-PGs; associated with the
bile ducts where there are high levels of type I collagen,
fibronectins and forms of CS-PGs and DS-PGs. There are
parallel gradients in matrix chemistry in every tissue.

There are a number of rinse media, such as the first and
second medium, and buffers that may be utilized in the
present invention. In particular, any rinse medium or buffer
may be used that maintains the collagens and bound factors
(e.g., matrix components, growth factors, and cytokines) in
aninsoluble state. When choosing a medium or buffer, the salt
concentration, pH, and ionic strength should be suitable to
maintain the collagens and/or most or many of the collagen-
bound matrix components and other factors (e.g., by virtue of
their chemical connections directly or indirectly with the
collagens) in an insoluble state. Table 1 provides molar con-
centration ranges of sodium chloride for various types of
collagen to aid one of ordinary skill in the art in providing
media and buffers that ensure the collagens, collagen-associ-
ated matrix components, and matrix bound growth factors
and cytokines remain insoluble. Deyl et al. (“Preparative
procedures and purity assessment of collagen proteins” Jour-
nal of Chromatography B 790 (2003) 245-275) additionally
provides information on collagen chemistry that can facilitate
identification of the optimal conditions for maintaining col-
lagens and bound factors in an insoluble state and is incorpo-
rated herein by reference in its entirety.

Table 1 demonstrates that pH is a variable working in
conjunction with salt concentration to define solubility. By
having high salt concentrations, the pH can be neutral. In
some embodiments of the present invention, the salt concen-
tration chosen is one that maintains all the collagens of the
tissue in an insoluble state, not just one of the collagens of the
tissue in an insoluble state. For example, the known collagens
in fetal liver are ones that are insoluble in salt concentrations
of about 4.5M NaCl and those in adult liver tissue that are
insoluble in salt concentrations of about 3.4M-3.5M NaCl.

The osmolality of any of the rinse media and/or buffers
may be, for example, from about 200 mOsm/kg to about 400
mOsm/kg, from about 250 mOsnv/kg to about 350 mOsm/kg,
from about 275 mOsm/kg to about 325 mOsm/kg, or from
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about 300 mOsm/kg to about 325 mOsm/kg, including with-
out limitation any values within these ranges not explicitly
recited herein. Distilled water and dilute buffers (e.g., with
osmolality <100 mOsm/kg) will result in the loss of signifi-
cant amounts of collagen, collagen-associated matrix com-
ponents and matrix bound growth factors and cytokines.
Thus, in some embodiments of the methods of this invention,
distilled water and dilute buffers are not included.

As one of ordinary skill in the art would recognize, osmo-
lality is an expression of solute osmotic concentration per
mass, whereas osmolarity is per volume of solvent. Thus,
conversion from osmolarity to osmolality can be made by
multiplying by the mass density. Osmolality can be measured
using an osmometer which measures colligative properties,
such as freezing-point depression, vapor pressure, and boil-
ing-point elevation.

Osmolarity is the measure of solute concentration, defined
as the number of osmoles (Osm) of solute per liter (L) of
solution (osmol/LL or Osm/L). The osmolarity of a solution is
usually expressed as Osm/L.. Whereas molarity measures the
number of moles of solute per unit volume of solution, osmo-
larity measures the number of osmoles of solute particles per
unit volume of solution. Osmolality is a measure of the
osmoles of solute per kilogram of solvent (osmol/kg or Osm/
kg).

Molarity and osmolarity are not commonly used in
osmometry because they are temperature dependent. This is
because water changes its volume with temperature. How-
ever, if the concentration of solutes is very low, osmolarity
and osmolality are considered equivalent.

The osmolarity of a solution can be calculated from the
following expression:

osmolL = Z ¢iniCi,
i

where ¢ is the osmotic coefficient, which accounts for the
degree of non-ideality of the solution; n is the number of
particles (e.g. ions) into which amolecule dissociates; C is the
molar concentration of the solute; and the index i represents
the identity of a particular solute. In the simplest case ¢ is the
degree of dissociation of the solute. Then, ¢ is between 0 and
1 where 1 indicates 100% dissociation. However, ¢ can also
be larger than 1 (e.g., for sucrose). For salts, electrostatic
effects cause ¢ to be smaller than 1 even if 100% dissociation
occurs.

Perfusion of the biological tissue with any medium or
buffer may be accomplished by forcing the medium or buffer
through the relevant vasculature of the biological tissue. For
example, if the biological tissue is the liver, then the medium
or buffer may be perfused through the portal vein of the liver.
Alternatively, the medium or buffer may be poured over the
biological tissue and/or allowed to diffuse through the bio-
logical tissue. For example, the biological tissue may be
submerged and/or dialyzed in the medium or buffer allowing
the medium or buffer to diffuse through the biological tissue.
While submerged and/or dialyzed in the medium or buffer the
solution and biological tissue may be shaken, such as on a
rocker, and/or stirred. In some embodiments the media and
buffers are perfused through the relevant vasculature of the
biological tissue.

Alternatively, the tissue may be homogenized in the initial
medium and the buffers and media used thereafter being for
extraction of the homogenate. The homogenized versions of
the biomatrix scaffolds are prepared from large organs (e.g.,
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from cow or pig tissues), are then pulverized into powder at
liquid nitrogen temperatures, and the powder used on dishes
for culture studies.

In some embodiments the first medium and/or the second
medium is a basal medium, such as but not limited to RPMI
1640, DME/F12, DME, F12, BME, DMEM, Waymouth’s, or
William’s medium. Other exemplary basal media are known
in the art and are commercially available. The first medium
and/or second medium can comprise, consist essentially of or
consist of components that are combined to keep most col-
lagens insoluble and as native molecules, as described herein
(e.g., by the particular combination of osmolality and ionic
strength as well as the absence of serum). The first medium
and/or second medium may comprise, consist of, or consist
essentially of constituents present or similar to or mimicking
those present in the interstitial fluid such as but not limited to
water; salts such as but not limited to inorganic salts; vita-
mins; minerals; amino acids such as but not limited to gly-
cine, serine, threonine, cysteine, asparagine, and/or
glutamine; sugars; fatty acids; coenzymes; hormones; and
neurotransmitters. In certain embodiments where the first
medium and/or second medium comprises constituents
present or similar to or mimicking those present in the inter-
stitial fluid, the constituents can yield an osmolality approxi-
mately equivalent to the osmolality of commercially available
basal medium or yield an osmolality from about 250 mOsm/
kg to about 350 mOsm/kg. In some embodiments the first
medium and/or second medium includes media that are
serum free, comprise constituents present in interstitial fluid,
and/or have an osmolality from about 250 mOsm/kg to about
350 mOsnvkg. Such media can also be at neutral pH. The
specific composition of the first medium and/or second
medium is determined, in particular embodiments, by the
insolubility constants of the collagens of the biological tissue
used to make the biomatrix scaffold, as would be known to
one of ordinary skill in the art.

The delipidating buffer of the present invention should be
effective and yet gentle. The delipidating buffer may com-
prise, consist of, or consist essentially of detergents or sur-
factants, basal medium, salts, and/or lipases. When choosing
components for the delipidating buffer, harsh detergents (e.g.,
sodium dodecyl sulfate; TritonX-100) should be avoided to
minimize loss of matrix components. Exemplary detergents
of this invention include but are not limited to anionic deter-
gents, such as salts of deoxycholic acid, 1-heptanesulfonic
acid, N-laurylsarcosine, lauryl sulfate, 1-octane sulfonic acid
and taurocholic acid; cationic detergents such as benzalko-
nium chloride, cetylpyridinium, methylbenzethonium chlo-
ride, and decamethonium bromide; zwitterionic detergents
such as alkyl betaines, alkyl amidoalkyl betaines, N-dodecyl-
N,N-dimethyl-3-ammonio-1-propanesulfonate, and phos-
phatidylcholine; and non-ionic detergents such as n-decyl
a-D-glucopyranoside,  n-decyl  p-D-maltopyranoside,
n-dodecyl B-D-maltoside, n-octyl §-D-glucopyranoside, sor-
bitan esters, n-tetradecyl f-D-maltoside, tritons, Nonidet-P-
40, Poloxamer 188, and any of the Tween group of detergents;
sodium lauryl sulfate; and sodium deoxycholate. In some
embodiments the delipidating buffer comprises sodium
deoxycholate.

Exemplary lipases include, but are not limited to, phospho-
lipases such as phospholipase A2, human pancreatic lipase,
sphingomyelinases, lysosomal lipase, endothelial lipase, and
hepatic lipase. In some embodiments the delipidating buffer
comprises phospholipase A2. In other embodiments the
delipidating buffer comprises sodium deoxycholate and
phospholipase A2. This combination, in some embodiments,
can comprise from about 20 to about 50 units/L. phospholi-
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pase A2 and about 1% sodium deoxycholate prepared in a
basal medium of neutral pH and serum-free, which can be for
example, the first medium. The combination of sodium
deoxycholate and phospholipase A2 rapidly degrades the
phosphoglyceride located on the cytoplasm membrane and
mitochondrial membrane into lysolecithin, a powerful surfac-
tant, which can induce necrosis and cytolysis. As one of
ordinary skill in the art would recognize, the amount and type
of lipase and/or detergent may depend on the biological tis-
sue.

The step of perfusing the biological tissue with the delipi-
dating buffer is carried out, in some embodiments, until the
tissue becomes transparent. In other embodiments the step of
perfusing the biological tissue with the delipidating buffer is
carried out until the effusion becomes clear. In some embodi-
ments the delipidating step is carried out until the tissue
becomes transparent and the effusion becomes clear.

In some embodiments prolonged exposure of the biomatrix
scatfolds to enzymes from the disrupted cells is avoided since
it can greatly decrease the content of elastin and the content of
glycosaminoglycans such as heparan sulfates, chondroitin
sulfates, dermatan sulfates and heparins, which are sites at
which cytokines and growth factors bind. Exposure to the
enzymes from the disrupted cells may be avoided, for
instance, during delipidation and/or the subsequent washes
after delipidation. In some embodiments, use of a protease
inhibitor and/or careful control of the pH, temperature, and/or
time can be employed to limit the activity of the proteases
and/or other enzymes from disrupted cells.

Exemplary protease inhibitors include but are not limited
to serine protease inhibitors such as but not limited to anti-
pain, aprotinin, chymostatin, elastatinal, phenylmethylsulfo-
nyl fluoride (PMSF), APMSF, TLCK, TPCK, leupeptin and
soybean trypsin inhibitor; cysteine proteases such as but not
limited to IAA (indoleacetic acid) and E-64; aspartic protease
inhibitors such as but not limited to pepstatin and
VALPFFVdL; metalloproteases such as but not limited to
EDTA, 1,10-phenanthroline and phosphoramodon; exopep-
tidases such as but not limited to amastatin, bestatin, diprotin
A and diprotin B; thiol proteases; a-2-macroglobulin, soy-
bean or lima bean trypsin inhibitor; pancreatic protease
inhibitor; egg white ovostatin; egg white cystatin; and com-
binations of protease inhibitors, commonly referred to as a
“protease inhibition cocktail” by commercial suppliers of
such inhibitors.

The pH of the biomatrix scatfold, buffers, and/or media can
be maintained at from about 6.0 to about 9.0, from about 6.5
to about 8.5, from about 7.0 to about 8.0, or from about 7.5 to
about 8.0. In some embodiments, the biomatrix scaffold,
buffers, and/or media are maintained at a pH of from about 7.5
to about 8.0 or are maintained at a pH of about 7.3 to about
7.5, including without limitation, any value encompassed
within these ranges but not explicitly recited herein. In other
embodiments the biomatrix scaffold, buffers, and/or media
are maintained at neutral pH. The temperature of the bioma-
trix scaftold (e.g., during and/or after preparation), buffers,
and/or media can be from about 0° C. to about 30° C., from
about 5° C. to about 25° C., or from about 10° C. to about 20°
C., including without limitation, any value encompassed
within these ranges but not explicitly recited herein. In some
embodiments the temperature is maintained at about 20° C.
The time for perfusing the biological tissue with any medium
or buffer can be from about 5 hours or less, about 3 hours or
less, about 1 hour or less, about 30 minutes or less, or about 15
minutes or less. In some embodiments the step of perfusing
the biological tissue with the delipidating buffer is about 30
minutes or less. In some embodiments where acidic pHs are
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used, the salt concentrations for maintaining the collagens
and collagen-associated components insoluble can be differ-
ent; the concentrations can be determined by the extant lit-
erature on collagen chemistry by choosing salt concentrations
that maintain insolubility of the collagens.

Exemplary buffers include but are not limited to sodium
chloride, sodium lactate, sodium acetate, sodium phosphate,
sodium citrate, sodium borate, sodium gluconate, citrate buff-
ers, bis\tris buffers, phosphate buffers, potassium phosphate,
citrate/dextrose, sodium bicarbonate, ammonium chloride,
3-{[tris(hydroxymethyl)methyl]amino }propanesulfonic
acid, tris(hydroxymethyl)methylamine, N-tris(thydroxym-
ethyl)methylglycine, 4-2-hydroxyethyl-1-piperazineethane-
sulfonic acid, and 3-(N-morpholino)propanesulfonic acid.

In some embodiments the buffer of this invention (e.g., the
buffer used in step C described herein) can comprise a salt in
a concentration from about 2.0M or more. For example, in
some embodiments the salt may be in a concentration from
about 2.0M to about 5.0M, from about 2.5M to about 5.0M,
from about 3.0M to about 4.5M, or from about 3.0M to about
4.0M, including without limitation, any value encompassed
within these ranges but not explicitly recited herein. For
instance, in some embodiments the buffer utilized in the
methods of the present invention can comprise a salt such as
sodium chloride in a concentration from about 2.0M NaCl to
about 4.5M NaCl. In other embodiments, such as those for
adult livers, the buffer utilized can comprise from about 3.4M
to about 3.5M NaCl. In embodiments such as those for fetal
liver, the buffer utilized can comprise a salt such as sodium
chloride in a concentration from about 4.0M to about 4.50M.
In some embodiments the perfusion of the biological tissue
with a salt wash, such as that of step c¢) of the exemplary
methods described herein, is carried out until the perfusate
(i.e., the fluid used for the perfusion, such as the fluid that has
been forced through the vasculature) is negative for proteins
by optical density (OD) at 280 nm.

Any of the media and/or buffers of the present invention
may comprise a protease inhibitor. Exemplary protease
inhibitors are described above. In some embodiments the
buffer such as that in step (c) of the exemplary methods
described herein comprises a protease inhibitor, such as soy-
bean trypsin inhibitor. In other embodiments the buffer of step
(d) comprises one or more protease inhibitors, such as soy-
bean trypsin inhibitor.

The media and/or buffers of the present invention may
comprise one or more nucleases, which in some embodiments
can be prepared in the standard buffers recommended by the
commercial suppliers of these enzymes. For instance, in some
embodiments the buffer of step d) comprises one or more
nucleases, such as but not limited to RNase and DNase.
Perfusion with nucleases eliminates residues of nucleic acids.
In other embodiments the buffer of step d) comprises RNase,
DNase, and one or more protease inhibitors. In some embodi-
ments the perfusion of the biological tissue with one or more
nucleases is carried out until the perfusate (i.e., the fluid used
for the perfusion, such as the fluid that has been forced
through the vasculature) is negative for nucleic acids by opti-
cal density (OD) at 260 nm. In some embodiments, the
nucleases eliminate 75%, 80%, 85%, 90%, 95%, 98%, or
100% of nucleic acids in the biological tissue.

The second medium (e.g., final rinse medium) can be any
medium that ensures that the collagens and bound factors
(e.g., matrix components, growth factors, and cytokines) will
remain insoluble, as described above. Exemplary final rinse
media are described above in reference to the first medium
and are serum-free, at neutral pH, and with an osmolality of
250-350 mOsm/kg. For instance, in some embodiments the
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second medium comprises a basal medium. In some embodi-
ments the second medium is a serum-free basal medium. In
other embodiments, the second medium is a serum-free, hor-
monally defined medium (HDM) comprising hormones,
growth factors, lipids, and serum albumin and is tailored to
the need of the cells to be cultured. An exemplary second
medium is Kubota’s medium (Kubota and Reid, PNAS
97:12132-12137, 2000), which is designed for hepatic stem
cells, hepatoblasts and other progenitors. In certain embodi-
ments the second medium may or may not comprise supple-
mentation with serum or a factor derived from serum, such as
but not limited to human serum albumin. In some embodi-
ments, rinsing the tissue with the second medium eliminates
residues of the delipidating buffer and the nucleases. In other
embodiments the wash with the second medium and/or any
subsequent buffer or medium equilibrates the biomatrix scaf-
fold with the medium or buffer. In some embodiments the first
medium and second medium can be the same and in some
embodiments, the first medium and second medium can be
different. thereby producing a biomatrix scaffold from the
biological tissue.

In some embodiments one or more of the media and/or
buffers utilized in the preparation of the biomatrix scaffold
are free of (i.e., do not contain a detectable amount of) one or
more enzymes that degrade extracellular matrix components.
In other embodiments all of the media and buffers utilized in
the preparation of the biomatrix scaffold are free of (i.e., do
not contain a detectable amount of) one or more enzymes that
degrade extracellular matrix components. Exemplary
enzymes include, but are not limited to collagenases; pro-
teases; glycosidases such as heparinase, heparitinase, chon-
droitinase, and hyaluronidase; and elastases.

Sterilization of the biological tissue, homogenate and/or
biomatrix scaffold of this invention can be accomplished by
any method known in the art, with the caveat that methods
using a factor that can bind to the biomatrix scaffold (e.g.,
ethylene oxide) should be avoided. Exemplary methods of
sterilization include but are not limited to gamma irradiation,
radio frequency glow discharges (RFGD) plasma steriliza-
tion, electron beam sterilization, and super critical carbon
dioxide sterilization. In some embodiments sterilization of
the tissue, homogenate and/or biomatrix scatfold is accom-
plished with gamma irradiation at about 5,000 rads. If the
scatfolds are to be used immediately for recellularization, and
if sterile procedures were used in the decellularization pro-
cess (especially after the high salt extraction), then steriliza-
tion may not be required.

Storage of the biomatrix scaffold can be accomplished by
any method known in the art. In some embodiments (e.g.,
when the scaffold is to be used intact), the biomatrix scatfold
can be stored at about 4° C. and in other embodiments (e.g.,
when the scaffold is to be dispersed into sect the biomatrix
scaffold is frozen, for example, at about —-80° C.

In some embodiments the biomatrix scaffold comprises,
consists of, or consists essentially of collagens, fibronectins,
laminins, nidogen/entactin, elastin, proteogylcans, gly-
cosaminoglycans and any combination thereof, all being part
of the biomatrix scaffold (e.g., bound to the biomatrix scaf-
fold). In some embodiments, the biomatrix scaffold lacks a
detectable amount of a collagen, fibronectin, laminin,
nidogen/entactin, elastin, proteogylcan, glycosaminoglycan
and any combination thereof.

The biomatrix scaffolds of the present invention have
proven to be potent differentiation substrata for cells and may
be used for many cell types, such as but not limited to any
mature cell or for various stem cell populations. These
include, e.g., embryonic stem (ES) cells, induced pluripotent
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stem (iPS) cells, germ layer stem cells (e.g., definitive endo-
dermal stem cells), determined stem cells (e.g., hepatic, lung,
pancreatic or intestinal stem cells), human hepatic stem cells
(hHpSCs), perinatal stem cells (e.g., amniotic fluid-derived
stem cells (AFSCs)), mesenchymal stem cells (MSCs) such
as from bone marrow or from adipose tissue, committed
progenitors, adult cells of any tissue type, diseased cells,
tumor cells, mature cells, parenchymal cells, stellate cells,
cholangiocytes, biliary tree cells such as those that are not
cholangiocytes, hepatocytes, kidney cells, urothelial cells,
mesenchymal cells, smooth or skeletal muscle cells, myo-
cytes (muscle stem cells), fibroblasts, chondrocytes, adipo-
cytes, fibromyoblasts, endothelial cells, ectodermal cells,
including ductile and skin cells, neural cells, Islet cells, cells
present in the intestine, osteoblasts, other cells forming bone
or cartilage, and any combination thereof. These cells may be
normal or diseased.

In some embodiments the biomatrix scaffolds are used for
biological, pharmaceutical, genetic, molecular, and/or viro-
logical studies of cells, whether freshly isolated from tissue or
from lineage-restricted stem cells. In other embodiments the
biomatrix scaffolds are used for implantable, vascularized
engineered organs, such as but not limited to the liver. Other
exemplary uses for the biomatrix scaffolds include, but are
not limited to, protein manufacturing, drug toxicity testing,
drug development, antibody screening, and/or virus produc-
tion for vaccine preparations of viruses. Virus production of
lineage-dependent viruses (e.g., papilloma virus and hepatitis
C) can be achieved by plating stem cell populations on a
tissue-specific biomatrix scaffold and then culturing in a
medium that works in combination with the biomatrix scaf-
fold to fully induce differentiation of the cells. The mature
virions will be produced when the cells fully mature. As long
as the virus itself does not affect cell viability, the mature cells
infected with the virus can be maintained for at least eight
weeks offering a means of generating large amounts of virus
with a stable culture system.

The biomatrix scaffolds can be used intact, such as but not
limited to use for 2-D and/or 3-D cultures for cells. In some
embodiments, the biomatrix scaffolds can be used in combi-
nation with specific medium for differentiation in 2-D and/or
3-D cultures for cell lines, such as but not limited to, normal
or diseased cells from any maturational lineage stage from
stem cells to late stage cells.

Alternatively, the biomatrix scaffolds can be frozen. These
frozen sections can be prepared and used as substrata. The
biomatrix scaffolds can be quickly frozen on dry ice and
frozen sections prepared with a Cryostat, placed onto culture
apparati (e.g., dishes, flasks, cloth, transwells, etc.), sterilized
and rehydrated in medium before seeding cells. In some
embodiments, the frozen biomatrix scaffold of this invention
can be sectioned.

In some embodiments a cell culture is produced, compris-
ing: a) producing a biomatrix scaffold according to the meth-
ods of this invention; b) contacting the biomatrix scaffold of
step (a) with cell culture medium in a culture apparatus; and
c¢) seeding the biomatrix scaffold of step (b) with cells,
thereby producing a cell culture.

In some embodiments a cell culture is produced, compris-
ing: a) producing a biomatrix scaftfold of the present inven-
tion; b) freezing the biomatrix scaffold of step (a); ¢) prepar-
ing a frozen section from the biomatrix scaftold of step (b) as
a cell culture substratum; d) contacting the cell culture sub-
stratum of step (c) with cell culture medium in a culture
apparatus; and e) seeding the cell culture substratum of step
(d) with cells, thereby producing a cell culture.
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In other embodiments the biomatrix scaffolds can be
ground to a powder. One method of grinding the biomatrix
scaffold to a powder comprises grinding the biomatrix scaf-
fold to a powder in a freezer mill at temperatures at or near
liquid nitrogen temperatures. Other apparatus for grinding at
liquid nitrogen or equivalent temperatures (e.g., freezing with
dry ice) are known in the art. The powder can be brought to
room temperature at which it acquires the consistency of a
paint that can be coated onto culture apparati using a sterilized
paint brush or equivalent apparatus. The powder or the plates
can be sterilized.

Thus, in some embodiments a cell culture is produced
comprising: a) producing a biomatrix scatfold of the present
invention; b) grinding the biomatrix scaffold of step (a) to a
powder; ¢) coating a culture apparatus with the powder of step
(b) to produce a cell culture substratum; d) contacting the cell
culture substratum of (¢) with cell culture medium in the
culture apparatus; and e) seeding the cell culture substratum
of (d) with cells, thereby producing a cell culture. In some
embodiments of this method, the grinding of the biomatrix
can be carried out in a freezer mill (e.g., cryogenic grinding)
at or near liquid nitrogen temperature.

In some embodiments before seeding the cells for the cell
culture, a portion of the medium is added to the culture
apparatus since the cells may attach within seconds. The cells,
in some embodiments attach within seconds to minutes for
normal adult cells and within minutes to a few hours for
various types of stem cells. In some embodiments the attach-
ment of the cells may depend on how the biomatrix scaffolds
are dispersed for use in cultures. The cell medium can be any
medium that is suitable for producing a cell culture. In some
embodiments the cell culture medium comprises at least one
constituent present in interstitial fluid, wherein the osmolality
of said medium is from about 250 mOsm/kg to about 350
mOsm/kg, wherein said medium is serum free and wherein
the pH is neutral. In other embodiments the cell culture
medium can be a basal medium, such as but not limited to
RPMI-1640, DME/F12, Ham’s medium, Kubota’s medium,
etc.

The cell cultures produced with the biomatrix scaftolds, in
some embodiments, comprise, consist essentially of or con-
sist of, the same type of cells as the cells of the biological
tissue that was used to make the biomatrix scaffold. Nonlim-
iting examples of the cells of this invention include embry-
onic stem (ES) cells, induced pluripotent stem (iPS) cells,
determined stem cells, perinatal stem cells, amniotic fluid-
derived stem cells (AFSCs), mesenchymal stem cells (MSCs)
from any source, committed progenitors or adult cells of any
tissue type, mature cells, normal cells, diseased cells, tumor
cells and any combination thereof. Additional nonlimiting
examples include liver cells, parenchymal cells, stellate cells,
endothelial cells, hepatocytes, cholangiocytes, biliary tree
cells that are not cholangiocytes and pancreatic cells.

In some embodiments, the primitive stem cells (whether
ES, iPS, MSC or AFSC) will lineage-restrict the cells, at least
partially, to the tissue type used to make the biomatrix scaf-
fold. Determined stem cells of a given germ layer will lineage
restrict to the tissue type used to make the biomatrix scatfold
when the scaffold is prepared from a tissue derived from that
germ layer and may partially differentiate to the adult fate if
ona scaffold from a tissue derived from a different germ layer.
Thus, the ability of adult cells to fully differentiate may be
dictated by the tissue type of the biomatrix scaffold. In par-
allel, the fate of stem cells may be partially or fully dictated by
the tissue type of the biomatrix scaffold or the fate of stems
cells may be fully dictated by the tissue type of the biomatrix
scaffold. In some embodiments, the cells of the cell culture
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are of a different type than the cells of the biological tissue
used to make the biomatrix scaffold. As described in detail
above, exemplary types of cells that may be used in producing
a cell culture include but are not limited to embryonic stem
cells, induced pluripotent stem cells, mesenchymal stem
cells, amniotic fluid derived stem cells, determined stem
cells, mature cells, normal cells, diseased cells, tumor cells
and any combination thereof. These cells may be from any
biological tissue as described herein.

In some embodiments the biomatrix scaffolds induce slow
growth or growth arrest correlated with differentiation of the
normal cells, whether stem cells or mature cells. The mature
cells, in some embodiments, become fully differentiated
within hours and remain stably differentiated for at least eight
weeks thereafter. In some embodiments adult cells (i.e., fully
mature cells) attach to the scaffolds within minutes and retain
their full differentiation thereafter for more than eight weeks.
Stem cells, in some embodiments, undergo a few divisions
and then go into growth arrest and fully differentiate. The
stem cells remain stably in growth arrest, viable and fully
differentiated for at least eight weeks. In some embodiments,
stem cells seeded onto biomatrix scaffolds go into growth
arrest or slowed growth, lose stem cell markers and differen-
tiate to mature, functional cells in approximately one week,
retaining stable phenotypes and viabilities for at least eight
weeks or more (e.g., 40%, 50%, 60%, 70%, 80%, 90%, 95%,
or 100% viability for an extended period of time (e.g., at least
one week, at least two weeks, at least three weeks, at least four
weeks, at least five weeks, at least six weeks, at least seven
weeks, at least eight weeks, at least nine weeks, at least ten
weeks, at least 11 weeks, at least 12 weeks, at least 13 weeks,
at least 14 weeks, at least 15 weeks, at least 16 weeks, at least
one month, at least two months, at least three months, at least
four months, at least five months, at least six months, at least
seven months, at least eight months, at least nine months, at
least ten months, at least 11 months, at least one year, etc.)

In other embodiments the biomatrix scaffold is used to
differentiate embryonic stem (ES) cells and/or induce pluri-
potent stem (IPS) cells to a specific fate. For instance, in some
embodiments a tissue-specific biomatrix scaffold is used to
facilitate differentiating embryonic stem cells or induced
pluripotent cells towards a specific fate.

In certain embodiments ofthe present invention the bioma-
trix scaffold is used to differentiate amniotic fluid-derived
stem cells (AFSCs) or mesenchymal stem cells (MSCs) from
bone marrow or from adipose tissue or from any fetal or
postnatal tissue or any determined stem cells (e.g., lung,
intestine, biliary tree, kidney, skin, heart, etc.) towards a spe-
cific adult fate. In some embodiments the biomatrix scaffolds
of the present invention are used to enhance and accelerate
differentiation of stem cells to mature cells by producing a
cell culture. In other embodiments the present invention pro-
vides a method of enhancing and/or accelerating differentia-
tion of stem cells and/or progenitors to mature cells, compris-
ing producing a cell culture according to the methods of this
invention, wherein the cells are stem cells and the cell culture
medium is formulated for mature cells, thereby enhancing
and/or accelerating differentiation of stem cells and/or pro-
genitors to mature cells. The cell culture medium can be any
medium that is formulated for mature cells. The constituents
in the medium are distinct for each cell type. Differentiation
means that the conditions cause the cells to mature to adult
cell types that produce adult specific gene products. Cells
employed in these methods can be adult cells of any type or
stem cells or progenitors, nonlimiting examples of which
include embryonic stem cells, induced pluripotent stem cells,
germ layer stem cells, determined stem cells, perinatal stem
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cells, amniotic fluid-derived stem cells, mesenchymal stem
cells, transit amplifying cells or committed progenitors of any
tissue type.

Cells seeded onto the biomatrix scaffolds (e.g., intact
biomatrix scaffolds, sections of scaffolds or powdered
biomatrix scaffolds mixed into/onto other implantable mate-
rials) can be transplanted into animals or humans as a method
of grafting cells in vivo. In some embodiments a method of
delivering cells to a subject is provided comprising contacting
the subject with the biomatrix scaffold of the present inven-
tion, where the biomatrix scaffold comprises cells. In other
embodiments a method of delivering cells to a subject is
provided that comprises seeding the biomatrix scaffold of the
present invention with cells and then transplanting the bioma-
trix scaftold seeded with the cells into the subject. In some
embodiments, a biomatrix scaffold that has not been seeded
with any cells can be transplanted into a subject.

In some embodiments, the biomatrix scaffold can be used
as a graft that can be used to regenerate the tissue or organ in
the subject.

The biomatrix scaffolds of the present invention may be
used for establishing bioartificial organs, which may be use-
ful for analytical and/or clinical programs. The biomatrix
scatfolds may also be used for identifying specific gene prod-
ucts or facets of disease states. In some embodiments the
biomatrix scaftolds are prepared from tissues of mutant ani-
mals and subsequently used to define relevant factor(s) asso-
ciated with the mutation(s). In other embodiments the bioma-
trix scaffolds are prepared from diseased tissues and used to
define changes in the matrix relevant to the disease.

Additional nonlimiting examples of uses of the biomatrix
scatfolds of this invention include: 1) use of the scaffold for
culturing malignant cells to define metastatic potential (the
ability of tumor cells to form growing colonies of cells on a
given type of biomatrix scaffold is predictive of the ability of
the cells to metastasize to the tissue from which that scaffold
was prepared; 2) putting grafts of tissue on the scaffold to be
used for transplantation into a subject); 3) production of orga-
noids formed by recellularization of scaffolds to be used as
assist devices, such as, for example, a liver organoid that is
then connected to a subject with liver failure; 4) use of the
scatfold for protein manufacturing (cells on the scaffold pro-
duce a factor that can be isolated from the medium and/or
from the cells and then purified; and 5) use of the scaffold for
production of lineage dependent viruses; e.g., for production
of viruses that require differentiated cells to yield sufficient
particles for use as a vaccine.

Thus, the present invention provides a method of identify-
ing the metastatic potential of tumor cells in a tissue type,
comprising a) producing a biomatrix scaftfold according to
the methods of this invention; b) contacting the biomatrix
scatfold of (a) with cell culture medium in a culture appara-
tus; ¢) seeding the biomatrix scaffold of (b) with tumor cells;
d) maintaining the biomatrix scaffold of (c) under culture
conditions; and e) monitoring growth of the tumor cells on the
biomatrix scaffold of (d), wherein growth of tumor cells on
the biomatrix scaffold identifies that the tumor cells can colo-
nize in vivo the type of tissue from which the biomatrix
scaffold was produced, thereby identifying the metastatic
potential of the tumor cells in the tissue type.

Also provided herein is a method of identifying a tumor
cell as responsive to an anti-tumor treatment, comprising: a)
producing a biomatrix scaffold according to the methods of
this invention; b) contacting the biomatrix scaftfold of (a) with
cell culture medium in a culture apparatus; c) seeding the
biomatrix scaffold of (b) with tumor cells; d) maintaining the
biomatrix scaffold of (¢) under culture conditions; e) apply-
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ing the anti-tumor treatment to the tumor cells on the bioma-
trix scaffold; and f) monitoring growth of the tumor cells on
the biomatrix scaffold of (e), wherein lack of growth of tumor
cells and/or death of tumor cells on the biomatrix scaffold of
(e) identifies the tumor cells as responsive to the anti-tumor
treatment. Nonlimiting examples of anti-tumor treatment
include chemotherapeutic agents, antibodies, radiation
therapy, immunotherapy, hormonal therapy etc., as would be
well known in the art. In some embodiments, tumor cells from
a subject can be seeded unto different biomatrix scaffolds of
this invention and exposed to respective anti-tumor treat-
ments. Pursuant to the results of these respective analysis of
different anti-tumor treatments, an anti-tumor treatment that
is effective against the subject’s tumor cells can be selected
and that anti-tumor treatment can be administered to the
subject to treat the subject’s tumor.

In further embodiments, the present invention provides a
method of producing a tumor graft for transplantation into a
host animal, comprising: a) producing a biomatrix scaffold
according to the methods of this invention; b) contacting the
biomatrix scatfold of (a) with cell culture medium in a culture
apparatus; ¢) seeding the biomatrix scaffold of (b) with tumor
cells; d) maintaining the biomatrix scaffold of (¢) under cul-
ture conditions; and e) establishing a population of the tumor
cells on the biomatrix scaffold of (d), thereby producing a
tumor graft for transplantation into the host animal. In some
embodiments, this method can further comprise the step of
transplanting the tumor graft into the host animal. In various
embodiments, the tumor graft can be syngeneic, allogeneic or
xenogenic to the host animal.

Also provided herein is a method of producing virus par-
ticles of a lineage dependent virus, comprising: a) producing
a biomatrix scaffold according to the methods of this inven-
tion; b) contacting the biomatrix scaffold of (a) with cell
culture medium in a culture apparatus; ¢) seeding the bioma-
trix scatfold of (b) with cells of a type and lineage stage that
can be infected with the lineage dependent virus; d) infecting
the cells of (¢) with the lineage dependent virus; e) maintain-
ing the infected cells on the biomatrix scaffold under culture
conditions; and 1) collecting virus particles produced in the
infected cells, thereby producing virus particles ofthe lineage
dependent virus.

Nonlimiting examples of a lineage dependent virus of this
invention include hepatitis C virus, hepatitis B virus, norovi-
rus human papilloma virus and any other virus now known or
later identified to be lineage dependent. By lineage dependent
is meant that the cell in which the virus is present must mature
or differentiate to a particular stage before the virus can
successfully replicate in the cell and produce virus particles,
as is known in the art.

Furthermore, the present invention provides a method of
producing an organoid formed by recellularization of a
biomatrix scaffold, comprising: a) producing a biomatrix
scaffold according to the methods of this invention; b) con-
tacting the biomatrix scaffold of (a) with cell culture medium
in a culture apparatus; ¢) seeding the biomatrix scaffold of (b)
with cells of the same tissue type as the biological tissue used
to prepare the biomatrix scaffold; and d) maintaining the cells
on the biomatrix scaffold under culture conditions, whereby
organoids form from the cells, thereby producing an organoid
formed by recellularization of the biomatrix scaffold. This
method can further comprise the step of contacting the orga-
noid produced by steps (a) through (d) with a subject, for use
as an assist device, as is known in the art. Any cell type that
can be used to produce the biomatrix scaffold of this invention
can be used in this method. In some embodiments, the cells
are liver cells.
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The present invention additionally provides a method of
producing a protein of interest in cells cultured on a biomatrix
scaffold, comprising: a) producing a biomatrix scaffold
according to the methods of this invention; b) contacting the
biomatrix scatfold of (a) with cell culture medium in a culture
apparatus; ¢) seeding the biomatrix scaffold of (b) with cells
that produce the protein of interest; d) maintaining the cells of
(c) on the biomatrix scatfold under culture conditions; and )
collecting the protein of interest produced by the cells of (d),
thereby producing a protein of interest in cells cultured on a
biomatrix scaffold. This method can comprise the further step
of purifying the protein of interest collected in step (f). The
protein of interest of this invention can be any protein pro-
duced by a cell, either from an endogenous gene and/or as a
recombinant protein, in an amount that can be collected from
the cells in culture and/or the culture medium. Numerous
examples of such proteins of interest are known in the art.

The present invention is explained in greater detail in the
following non-limiting examples.

EXAMPLES
Example 1

Lineage Restriction of Human Hepatic Stem Cells to
Mature Fates is Made Efficient by Tissue-Specific
Biomatrix Scaffolds

Abstract.

Current protocols for differentiation of stem cells make use
of' multiple treatments of soluble signals and/or matrix factors
and result typically in partial differentiation to mature cells
with under- or overexpression of adult tissue-specific genes.
In the present invention, a strategy was developed for rapid
and efficient differentiation of stem cells using substrata of
biomatrix scaffolds, tissue-specific extracts enriched in extra-
cellular matrix, and associated growth factors and cytokines,
in combination with a serum-free, hormonally defined
medium (HDM) tailored for the adult cell type of interest. The
studies described herein demonstrate the efficacy of the
biomatrix scaffolds of this invention in differentiating human
hepatic stem cells (hHpSCs) to mature fates and in maintain-
ing mature parenchymal cells as fully functional for long
periods of time. Biomatrix scaffolds were prepared by a novel
four-step perfusion decellularization protocol using condi-
tions designed to keep all collagen types insoluble. The scaf-
folds maintained native histology, patent vasculatures and
approximately 1% of the tissue proteins but >95% of its
collagens, most of the tissue’s collagen-associated matrix
components, and physiological levels of matrix bound
growth factors and cytokines. Collagens increased from
almost undetectable levels to >15% of the scaffold’s proteins
with the remainder including laminins, fibronectins, elastin,
nidogen/entactin, proteoglycans, and matrix-bound cytok-
ines and growth factors in patterns that correlated with his-
tology. Human hepatic stem cells (hHpSCs), seeded onto
liver biomatrix scaffolds and in an HDM tailored for adult
liver cells, lost stem cell markers and differentiated to mature,
functional parenchymal cells in approximately one week,
remaining viable and with stable mature cell phenotypes for
more than eight weeks. Thus, the biomatrix scaffolds of this
invention can be used for biological and pharmaceutical stud-
ies of lineage-restricted stem cells, for maintenance of mature
cells, and for implantable, vascularized engineered tissues or
organs.
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Procedures for Decellutarization.

After anesthesia with ketamine-xylazine, the rat abdomi-
nal cavity was opened and a sleevelet with a cannula was
inserted into the portal vein to perfuse the entire liver. (1)
Perfusion is done with RPMI 1640 for 10 mins; followed by
(2) delipidation with a lipase (e.g., 20-50 units of phospholi-
pase A2-PLLA2) combined with a gentle detergent such as 1%
sodium deoxycholate (SDC) for about 30-60 mins until the
tissue becomes transparent and the effusion becomes clear;
(3) perfusion with high salt washes (for fetal livers: 4.5M
NaCl and for adult livers 3.4M-3.5M Na(l) is done until the
perfusate is negative for proteins by optical density (OD) at
280 nm; (4) perfusion with nucleases (DNase, RNase) in
RPMI 1640 until the perfusate is negative for nucleic acids by
OD 260; and (5) final rinse with RPMI 1640 for 2 hours or
more.

The biomatrix scaffolds are quickly frozen on dry ice and
frozen sections prepared with a Cryostat, placed onto 24-well
cell culture plates, sterilized by gamma irradiation (5000
rads) and rehydrated in medium (KM) for 30 min before
seeding cells. The sections of biomatrix scaffolds covered
~95% of well surface in the 24-well plate.

An alternative method for distributing the biomatrix scaf-
folds onto culture dishes consisted of pulverizing it to a pow-
der using a freezer mill filled with liquid nitrogen. The pul-
verized powder, when brought to room temperature, acquires
the consistency of paint, and can be coated onto any surface,
such as dishes, slides, cloth, filters or other surfaces used for
attaching cells and/or cell culture. Pulverizing the scaffolds
eliminates the gradients of matrix components and signals,
but the mix of components present still elicits potent differ-
entiation effects. The scaffolds also can be used intact and
reseeded with cells in preparation of engineered organs for
transplantation in vivo or for 3-D cultures.

Alternate methods were developed for use with porcine
and bovine livers. Pig and bovine livers were obtained from a
USDA certified meat processing facility (CT). See Example 3
for an outline of a representative protocol. Each liver was
USDA inspected and received the USDA stamp prior to leav-
ing the facility. Livers were transported in ESP-Gro medium
(Gigacyte, Branford, Conn.; catalog #1101-250). Livers
received in the laboratory were weighed, photo-documented
and prepared for perfusion. After grinding, the mixture was
thawed and diluted to a media:biomatrix ratio of 1:48. This
biomatrix slurry was then used for coating plates. After dry-
ing, the biomatrix was washed three times and then cells were
applied. Adult liver cells attached within 10 minutes to the
plates. Stem/progenitors can take longer (a few hours). How-
ever, for both stem/progenitors and adult liver cells, essen-
tially 100% of the viable cells attach.

Media and Solutions.

All media were sterile-filtered (0.22-1 um filter) and kept in
the dark at 4° C. before use. To keep collagens stable in the
biomatrix, the pH of the perfusion media for biomatrix scaf-
fold preparation was kept at 7.5-8.0. RPMI-1640 (Gibco/
Invitrogen, Carlsbad, Calif.) was used as the basal medium
for preparation of biomatrix scaffolds and for hepatocyte or
hepatic stem cell cultures. All reagents except those noted
were obtained from Sigma (St. Louis, Mo.).

Perfusion Media for Biomatrix Scaftold Preparation.

(1). Perfusion wash and perfusion rinse: serum-free basal
medium (e.g., RPMI-1640);

(2). Perfusion with detergent: 36 units/L. PLA2 plus 1% SDC;
(3). Perfusion with high salt: 3.4M NaCl with 0.1 mg/ml
Soybean trypsin inhibitor;
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(4). Perfusion with nucleases: 5 mg/100 ml RNase, 1 mg/100
ml DNase and 0.1 mg/ml soybean trypsin inhibitor (e.g.,
prepared in RPMI 1640).

Kubota’s Medium.

KM was designed originally for hepatoblasts*” and now
has been found effective for human hepatic progenitors*® and
for other endodermal progenitors including ones from biliary
tree (Wang et al. “Multipotent stem/progenitor cells in human
biliary tree give rise to hepatocytes, cholangiocytes and pan-
creatic islets” Hepatology, 2011, in press) and pancreas
(Wang, Y and Reid L, unpublished data). It consists of any
basal medium (here being RPMI 1640) with no copper, low
calcium (0.3 mM), 10~° M Selenium, 0.1% BSA, 4.5 mM
Nicotinamide, 0.1 nM Zinc Sulfate heptahydrate (from
Specpure, Johnson Matthew Chemicals, Royston, England),
10~*M hydrocortisone, 5 pg/ml transferrin/Fe, 5 ug/ml insu-
lin, 10 pg/ml high density lipoprotein, and a mixture of free
fatty acids that are added bound to purified human serum
albumin.

To differentiate cells to an adult fate, a serum-free, hor-
monally defined medium (HDM) tailored to the adult cell
type desired can be used. For example, we used an HDM for
the adult liver fate consisting of KM supplemented further
with calcium to achieve a 0.6 mM concentration, 107> M
copper, 1 nM tri-iodothyronine (T3), 7 ng/ml glucagon, 20
ng/ml of FGF, 2 g/ galactose, 10 ng/ml Oncostatin M
(OSM), 10 ng/ml epidermal growth factor (EGF), 20 ng/ml
hepatocyte growth factor (HGF), and 10-® M hydrocortisone.

The cells were seeded in this HDM serum-free if plating on
the scaffolds; in circumstances in which enzymes were used
for processing cells or tissues, then we supplemented the
HDM with 5% FBS (HyClone, Waltham, Mass.) for a few
hours and then switched to serum-free HDM thereafter. In
parallel, control experiments, cultures were kept in the HDM
with 5% FBS throughout, but we found that the presence of
serum caused cells to lose differentiated functions with time.
The soluble factors requirements are less than normal for
cultures on other substrata given that so many of the factors
are bound to the biomatrix scaffolds. The soluble factors
requirements are less than normal for cultures on other sub-
strata given that so many of the factors are bound to the
biomatrix scaffolds.

Characterization of Intact Vascular Trees in the Liver
Biomatrix Scaffolds.

The branching and ramifying matrix remnants of the vas-
culature including the network of capillaries in the rat liver
biomatrix scaffold have been visualized by light and fluores-
cence microscopy, respectively. Rhodamine-labeled 250 kDa
dextran particles were injected into the liver biomatrix scaf-
fold through the remnant of the portal vein to check the
integrity of the matrix remnants of the vasculature system in
the biomatrix scaffolds. A movie was prepared using a Leica
MZ16FA fluorescence dissecting microscope (motorized).

Human Fetal Liver Processing.

Fetal liver tissues were provided by an accredited agency
(Advanced Biological Resources, San Francisco, Calif.) from
fetuses between 16-20 weeks gestational age obtained by
elective pregnancy terminations. The research protocol was
reviewed and approved by the Institutional Review Board for
Human Research Studies at the University of North Carolina
at Chapel Hill. Suspensions of fetal human liver cells were
prepared as described previously*®*. Briefly, processing
was conducted in RPMI 1640 supplemented with 0.1%
bovine serum albumin, 1 nM selenium and antibiotics. Enzy-
matic processing buffer contained 300 U/ml type IV collage-
nase and 0.3 mg/ml deoxyribonuclease at 32° C. with fre-
quent agitation for 15-20 min. Enriched suspensions were
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pressed through a 75 gauge mesh and spun at 1200 RPM for
5 min before resuspension. Estimated cell viability by trypan
blue exclusion was routinely higher than 95%.

Enrichment of hHpSCs and Culture on Biomatrix Scaf-
folds.

We used two methods for the hHpSCs purification or
enrichment:

1) Culture selection. Approximately 3x10° cells were
plated on a 10 cm tissue culture dish and in KM. Medium was
changed every 3 days. Colonies formed within 5-7 days and
were observed for up to 3 months. We picked colonies by
hand after 14-18 days using an inverted microscope (1X-
FLAIIL; Olympus, Japan and Melville, N.Y.).

2) Magnetic immunoselection of multipotent hepatic pro-
genitor subpopulations (hHpSCs and hHBs) was achieved by
selection of cells positive for epithelial cell adhesion mol-
ecule (EpCAM, CD326) using magnetic bead immunoselec-
tion technologies with the Miltenyi Biotech MACS system
(Bergisch Gladbach, Germany) following the manufacturer’s
instructions®. Briefly, the dissociated cells were incubated
with EpCAM antibody bound to magnetic microbeads for 30
min at 4 C, and were separated using a magnetic column
separation system from Miltenyi following the manufactur-
er’s recommended procedures.

Cultures were seeded with either 250 hHpSC colonies, or
5x10° enriched hHpSCs or 2.5x10° primary adult hepato-
cytes. Medium was replaced daily and collected medium was
stored at —20° C. for further analysis. Cells cultured on Col-
lagen type I coating 24-well plates served as control.

Adult Rat Hepatocyte Isolation.

Freshly isolated suspensions of rat hepatocytes were
obtained from 3-month old adult male Lewis rats (Charles
River Laboratories, Wilmington, Mass.) weighing 200-250 g.
An improved two-step perfusion method as previously
described*® was used for rat hepatocyte isolation and purifi-
cation. The liver was perfused for 10-15 minutes with a cal-
cium-free buffer containing EGTA and then collagenase in a
calcium-containing buffer for 10-15 minutes. The liver was
then mechanically dissociated by pressing the digested liver
through cheese cloth and then sequentially filtering the cell
suspension through sieves of narrowing mesh size. The cells
were washed twice and then pelleted at 50 g. Viability was
defined by counting the cells after trypan blue staining. Rou-
tinely, 200-300 million cells per rat were isolated with
89-96% viability and >99% purity.

Human Adult Liver Cell Isolation and Culture.

Fresh human liver cell suspensions were obtained from
CellzDirect. (now a part of Invitrogen, RTP, NC). Suspen-
sions were processed per CellzDirect methods then resus-
pended in HeptoMAIN medium (Catalog #1103-250; Giga-
Cyte, Branford, Conn.) plated at 1.88x10° cells/cm® into
multi-well plates coated with liver biomatrix scaffolds or onto
type I collagen (1 pg/ml; Meridian Catalog #A33704H).

Collagen Chemistry Analysis.

The amount of collagen in biomatrix scaffolds was evalu-
ated based on the hydroxyproline (hyp) content. Samples of
whole livers and of biomatrix scaffolds were pulverized,
washed and lyophilized. Aliquots were then hydrolyzed and
subjected to amino acid analysis®', and the collagen content
per total protein was estimated based on the hyp value of 300
residues/collagen.

Quantitative Analysis of DNA and RNA Content.

To assess total DNA remaining in the decellularized liver
biomatrix, both fresh rat liver tissue and decellularized
biomatrix were weighed, cut and digested with Proteinase K
and total cellular DNA was isolated>2. To assess total RNA
remaining in the decellularized liver biomatrix, both fresh rat
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liver tissue and decellularized rat liver biomatrix were
weighed and then homogenized in TRIzol solution (Invitro-
gen), and total cellular RNA was isolated.

Growth Factor Assays.

Samples of rat livers, rat liver biomatrix scaffolds, human
bile duct tissue and human bile duct biomatrix scaffolds (two
samples each) were sent to RayBiotech, Inc (Norcross, Ga.)
for analysis of growth factors. The samples were homog-
enized, prepared as lysates, and then assayed with 1 mg/ml
protein, yielding fluorescence, defined in fluorescent inten-
sity units (FIUs). Semi-quantitative growth factor assays
were done using the RayBio® Human Growth Factor Arrays,
G Series 1. The FIUs were reduced by that from negative
controls for non-specific binding and normalized to protein
concentration. The data from the duplicates were averaged.
Four arrays were used enabling the survey for ~40 growth
factors. Although the assay was developed for human growth
factors, there is sufficient overlap in cross-reaction to rat
growth factors to permit use for both the rat and human
samples.

Transmission and Scanning Electron Microscopy (TEM
and SEM).

For TEM, the biomatrix scaffolds were rinsed with phos-
phate buffered saline (PBS) and fixed in 3% glutaraldehyde/
0.1 sodium cacodylate, pH 7.4 overnight. Following three
rinses with sodium cacodylate buffer, the biomatrix scaffolds
were postfixed for 1 hourin 1% osmium tetroxide/0.1 sodium
cacodylate buffer. After rinsing in deionized water, it was
dehydrated and embedded in Polybed 812 epoxy resin (Poly-
sciences, Niles, I11.). The biomatrix scaffolds were sectioned
perpendicular to the substrate at 70 nm using a diamond knife.
Ultrathin sections were collected on 200 mesh copper grids
and stained with 4% aqueous uranyl acetate for 15 minutes,
followed by Reynolds’ lead citrate for 7 minutes. Samples
were viewed using a LEO EM910 transmission electron
microscope operating at 80 kV (LEO Electron Microscopy,
Oberkochen, Germany). Digital images were acquired using
a Gatan Orius SC1000 CCD Digital Camera and Digital
Micrograph 3.11.0 (Gatan, Pleasanton, Calif.).

For SEM, after fixation and rinses, the biomatrix scaffolds
were dehydrated and transferred in 100% ethanol to the Balz-
ers CPD-020 critical point dryer (Bal-Tec AG, Balzers, Swit-
zerland), and dried using carbon dioxide as the transition
solvent. The matrix was mounted on aluminum specimen
supports with carbon adhesive tabs, and coated with a 10 nm
thickness of gold-palladium metal (60:40 alloy) using a Hum-
mer X sputter coater (Anatech, Worcester Mass.). Samples
were examined using a Zeiss Supra 55 FESEM at an accel-
eration voltage of 5 kV and digital images were acquired
using Zeiss SmartSEM software (Carl Zeiss SMT, Germany
and Thornwood, N.Y.).

Immunocytochemistry and Immunohistology.

For the fluorescent staining of cultured cells on biomatrix
scatfolds, cells were fixed with 4% paraformaldehyde (PFA)
for 20 min at room temperature, rinsed with HBSS, blocking
with 10% goat serum in HBSS for 2 h, and rinsed. Fixed cells
were incubated with primary antibodies at 4° C. overnight,
washed, incubated for 1 h with labeled isotype-specific sec-
ondary antibodies, washed, counterstained with 4',6-diami-
dino-2-phenylindole (DAPI) for visualization of cell nuclei
and viewed using a Leica DMIRB inverted microscope
(Leica, Houston, Tex.).

For immunohistochemistry, the biomatrix scaffolds were
fixed in 4% PFA overnight and stored in 70% ethanol. They
were embedded in paraffin and cut into 5-um sections. Sec-
tions were deparaffinized, and the antigens were retrieved.
Endogenous peroxidases were blocked by incubation for 30
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min in 0.3% H,O, solution. After blocking with 10% horse
serum, primary antibody was applied at 4° C. overnight;
secondary antibody and ABC staining were performed using
the RTU Vectastain kit (Vector Laboratories, Burlingame,
Calif.). Vector Nova RED was used as substrate. Sections
were dehydrated, fixed and embedded in Fukitt Mounting
Media (Electron Microscopy Sciences, Hatfield, Pa.), and
were analyzed using an inverted microscope. Antibodies used
for liver sections and for cultures are listed in Table 4.

Reverse-Transcription Polymerase Chain Reaction (RT-
PCR) Analysis.

The hHpSCs are cultured on cell culture plates, and the
colonies were transferred onto biomatrix scaffold. After fur-
ther culture for 7 days, the colonies were lysed for RT-PCR.
Total RNA was extracted using an RNeasy Plus Mini Kit
(Qiagen GmbH, Valencia Calif)) as per the manufacturer’s
instructions. Reverse transcription was carried out with the
SuperScript First-Strand Synthesis System for RT-PCR (In-
vitrogen, Carlsbad, Calif.). HotStarTaq Master Mix Kit
(Qiagen) was used for PCR. PCR primers were listed in Table
5

LIVE/DEAD Assay and Cell Viability Assay.

A LIVE/DEAD viability assay kit (Molecular Probes/In-
vitrogen, Carlsbad, Calif.) was used for the adhesion and
proliferation assays. The hHpSCs or hepatocytes were incu-
bated with two probes, calcein-AM (Live, light grey) and
ethidium homodimer-1 (EtdD-1, Dead), for intracellular
esterase activity and plasma membrane integrity, respec-
tively. Specimens were observed under a fluorescence Olym-
pus SZX12 stereomicroscope (OLYMPUS, Japan and
Melville, N.Y.). A resazurin cell viability assay kit (Biotium,
Hayward, Calif.) was used following the manufacturer’s
manual. Briefly, 10% of resazurin solution was added into
culture medium and incubated at 37° C. overnight. Absor-
bance OD,,-OD,, was obtained using a Biotek Synergy HT
multi-detection microplate reader (Winooski, Vt.) and the
viability curve plotted. All experiments were carried out three
times using a minimum of three samples per experimental
condition.

Hepatic Specific Functional Assays.

CYP450 3A4 activity was detected using a P450-Glo™
Screening System (Promega, Madison, Wis.). Briefly, the
cultured cells were incubated with medium containing the
luminogenic CYP3 A4 substrate, luciferin-PPXE for CYP, for
4 hours at 37° C. The luciferin detection and analysis was
performed per the manufacturer’s instructions with a Wallace
Victor2 Multilabel Counter (now part of Perkins/Elmer in
Waltham, Mass.). Quantitative albumin secretion was done
using a human albumin ELISA quantitation kit (Bethyl Labo-
ratories, Montgomery, Tex.). For urea synthesis assays, the
cells were incubated with 2 mM ammonium for 24 hours and
the supernatant was collected and assayed with the Quan-
tichrom urea assay kit (Bioassay Systems, Hayward, Calif.).
The supernatant from one sample for each culture condition
was assayed in triplicate and the experiment was repeated 3
times.

Statistical Analysis.

Experiments were repeated at least 2-3 times with dupli-
cate or triplicate samples for each condition. Data from rep-
resentative experiments are presented, whereas similar trends
were seen in multiple trials. All error bars represent S.E.M.

Biomatrix Scaffolds are Prepared with a Novel Four-Step
Protocol.

Biomatrix scaffolds were prepared using a protocol com-
prised of delipidation followed by high salt extractions and
using perfusion methods (FIG. 1). A detailed presentation of
the protocol is given in the methods. This is achieved by a
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novel four step protocol: 1) gentle delipidation; 2) washes
with buffers with salt concentrations from about 2.0M to
about 5.0M (e.g., 2.0M-2.5M, 2.6M-3.0M; 3.1M-3.5M,
3.6M-4.0M, 4.1M-4.5M; 4.6M-5.0M), salt concentrations
known to maintain the collagens in an insoluble state®* (the
exact concentration and the pH of the bufters is dictated by the
collagen types in the tissue), concentrations known to main-
tain collagens in an insoluble state*®; 3) nuclease treatment to
eliminate residual nucleic acids; and 4) rinses with a basal
medium to eliminate the detergent, salt and nuclease residues
as well as to equilibrate the matrix components with the
medium (FIG. 1A).

The choices of the rinse media or the buffers for the
nucleases can be any of a number of options as long as the salt
concentration and ionic strength are such as to maintain the
matrix components in an insoluble state. The choice of the
delipidation method is critical to be effective and yet gentle.
We chose a combination of sodium deoxycholate (SDC) and
Phospholipase A2 (PLLA2) to rapidly degrade the phospho-
glyceride located on the cytoplasm membrane and mitochon-
drial membrane into lysolecithin, a powerful surfactant,
which can induce necrosis and cytolysis. The reactive for-
mula is shown in FIG. 8. We avoided harsh detergents, such as
sodium dodecyl sulfate (SDS) or Triton-X 100, which might
dissolve some matrix components such as the glycosami-
noglycans (See review by Gilbert et al. “Decellularization of
tissues and organs” Biomaterials 27:3675-3683 (2006)).

We avoided prolonged exposure of the scaffolds to the
enzymes from the disrupted cells during delipidation and the
high salt washes, because they can greatly decrease the con-
tent of elastin and the content of glycosaminoglycans (GAGs)
such as heparan sulfates (HS), chondroitin sulfates (CS),
dermatan sulfates (DS) and heparins (HP), which are sites at
which cytokines and growth factors bind**. We used soybean
trypsin inhibitor and careful control of the pH (7.5-8.0), tem-
perature (20° C.), and time (30-60 mins) to limit the activity
of the proteases derived from disrupted cells.

We perfused the whole tissue through relevant vasculature
(e.g., portal vein in the liver), enabling us to rapidly isolate
(within a few hours) a biomatrix scatfold with minimal loss of
matrix components. The rapidity of the isolation is due to the
initial step with detergent that delipidates the tissue within
approximately 30-60 minutes (not hours or days as in proto-
cols used by others). The resulting biomatrix scaffolds are
translucent or white (FIG. 1). Moreover, using this perfusion
method, we maintained the primary vasculature channels,
portal and hepatic vein and most of the vascular branches in
the liver, which increased the decellularization efficiency.
Fluorescent rhodamine-labeled dextran particles perfused
through the biomatrix scaffolds remained within the rem-
nants of the vasculature demonstrating that they are patent
(FIG. 1E) There is a progressive flow of the dye from large
vessels to the fine blood vessel branches along the channels
without leakage. This fact will be helpful in revascularization
of'the scaffolds as a means of preparing engineered tissues for
either three-dimensional culture and/or for implantation ex
vivo.

When sectioned, the scaffolds retain the histological struc-
ture of the original tissue, including the recognizable rem-
nants of major histological entities such as the blood vessels,
bile ducts, and Glisson’s capsule (GC) (FIG. 1). Compare
FIGS. 1B1 and 1D1, in which a section of the liver tissue is
contrasted with that of a biomatrix scaffold. The matrix rem-
nants of the muralia of parenchymal cells consisted of a
lace-like network (FIGS. 1D2-1D3).
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Collagen, Collagen Associate Proteins and Bound Cytok-
ines are Maintained in the Biomatrix Scaffolds.

The amount of collagen in biomatrix scaffolds was evalu-
ated by amino acid analysis by methods used previously®.
Because hydroxyproline (Hyp) is unique to collagens and
collagenous proteins, the collagen composition relative to
total protein was expressed as residues of Hyp per 1,000
amino acids. The results demonstrated that the collagen con-
tent increased from almost undetectable levels, i.e., less than
0.2 residues of hydroxyproline (Hyp)/1,000 in liver, to ~13
residues of Hyp/1,000 in biomatrix scaffolds. This indicates
that delipidation and the high salt washes, described above,
did not remove collagens, leaving almost all of the collagens
in the biomatrix scaffolds. Detection of significant levels of
hydroxylysine (Hyl), another collagen-associated amino
acid, and higher levels of glycine (Gly) in biomatrix scaffold
support our conclusion that collagen is markedly enriched in
biomatrix scaffolds (FIGS. 2A, 9 and Table 2).

Using immunohistochemical and ultrastructural studies,
we were able to identify in the scaffolds all known forms of
collagens found in liver in situ including fibrillar collagens
(collagen types I, III and V, 10-30 nm in diameter for fibrils
and 500-3,000 nm for assembled fibers) and beaded filaments
(possibly type VI). Those fibers and filaments are present in
the subcapsular connective tissue layer lying beneath the
mesothelial layer. Although typical structures of basement
membranes were not found along the sinusoids from portal
triads to central veins, we found that collagen type IV and
some bound small fibrils form net-like, porous 3D lattices,
serving as scaffolding for the parenchymal cells (FIG. 2).
Collagen type I bundles can be viewed as the principal struc-
ture of the scatfolds to which other collagen types, glycopro-
teins, and proteoglycans are attached. Inthe space of Disse we
found small bundles of collagen type I and fibers of collagen
types III and VI as well as some type V, which is more
abundant near portal triads and central veins. Representative
immunohistochemistry data are presented in FIG. 3B, and a
summary of matrix components and their location in normal
liver tissue versus those in the biomatrix scaffolds are listed in
FIG. 4D. Early studies in the development of the protocols for
biomatrix scaffold preparation indicated that the bulk of the
cytoskeletal components are lost in the washes. Still, we
assessed the scaffolds by immunohistochemistry and found
no evidence for tubulin, desmin or actin, trace amounts of
cytokeratins 18 and 19, and low levels of vimentin scattered
throughout the scaffolds.

The matrix associated with the bile ducts and portions of
the hepatic vascular systems (arterial and venous vessels)
consists of typical basement membrane structures and so is
quite distinctive from the thin layers of the matrix associated
with the vascular structures found in the sinusoids. Laminin,
entactin/nidogen, perlecan and collagen type IV are found in
the portal triad, whereas only perlecan and some collagen
type IV are found in the Space of Disse. Enormous amounts
of hydrophobic, wavy elastin are present; it crosslinks
together and forms sheets and fibers restricted primarily to the
subcapsular connective tissue, portal regions, and arterial
walls. Fibronectins are ubiquitous and prevalent throughout
the hepatic matrix and are especially abundant in the Space of
Disse, where they form either fine filaments or granular
deposits (FIGS. 2 and 3).

Immunohistochemistry indicates that the known pro-
teoglycans in the tissue are preserved in the biomatrix scaf-
folds (FIGS. 3B, 4D). Among heterogeneous proteoglycans
identified, syndecan was found intercalated and continuously
along the sinusoids, and perlecan is more punctuate in the
space of Disse. The forms of HS-PGs and CS-PGs are found
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throughout the remnants of the sinusoids in the biomatrix
scatfolds and in patterns correlating with the known zonation
of the liver tissue.

Proteoglycans and other matrix components are important
reservoirs for cytokines and growth factors that bind tightly to
their GAGs>%. Most of the growth factors and hormones are
found in the biomatrix scaffolds near to the concentrations
found in the original tissue. In Table 6 the data are given from
the lysates of rat livers versus rat liver biomatrix scaffolds,
and in Table 3, parallel data are provided from human bile
duct tissue versus bile duct biomatrix scaffolds. Interestingly,
there were a few examples (e.g., bFGF) that were strongly
enriched in liver biomatrix scaffolds over that found in liver
lysates. The growth factors and cytokines bound are distinct
qualitatively and quantitatively between the scaffolds of the
liver versus bile duct tissue, implicating either tissue-speci-
ficity or species-specificity. Alternatively, it may be due, in
part, to the fact that the bile duct scaffolds were prepared,
from necessity, by shaking the tissue in the buffers on a rocker
and not by perfusion through vasculature.

The Chemistry of the Biomatrix Scaffolds Correlates with
Histology.

A significant feature of this new protocol is the retention of
the matrix chemistry in patterns correlating with the hepatic
acinar zones 1-3 from portal triad to central vein and with
histological entities such as vascular channels and Glisson’s
Capsule (GC) as shown in FIGS. 4A-C. The matrix chemistry
periportally in zone 1 is similar to that found in fetal livers and
consists, in part, of type III) collagen, laminin, and forms of
CS-PGs. It transitions to a different matrix chemistry in the
mid-acinar (zone 2) and pericentral zones (zone 3) ending
with a very stable matrix with high levels of type IV collagen
and HP-PGs?’.

Myriad proteins (e.g., growth factors and hormones,
coagulation proteins, various enzymes) are known to bind to
the matrix and to be held stably via binding to the discrete and
specific sulfation patterns in the GAGs or to other matrix
components>*, Thus, the matrix chemistry transitions from its
start point in the stem cell niche having labile matrix chem-
istry associated with high turnover and minimal sulfation to
stable matrix chemistries and having increasing amounts of
sulfation with progression towards the pericentral zone. We
expect that the maintenance of the natural architecture and
matrix chemistry correlating with histology will facilitate
recellularization in tissue engineering processes by guiding
cells to specific sites on the biomatrix scaffolds and/or pro-
viding the proper mix of signals to drive expansion and/or
differentiation into mature cells.

Biomatrix Scaffold can be Prepared from Different Tissues
and Species.

The biomatrix scaffolds can be easily prepared from any
tissue, normal or diseased and from any species. In FIGS.
13-16 we show biomatrix scaffolds from human pancreas,
biliary tree, and duodenum and from rat and porcine pan-
creas. In FIGS. 5-7 and FIG. 12 are shown effects of bovine or
of rat liver biomatrix scaffolds on hepatic cells. In addition,
biomatrix scaffolds have been prepared from human abdomi-
nal aorta, iliac vein and from rat and pig intestine. Histologi-
cal, ultrastructural, and immunohistochemical studies on the
biomatrix scaffolds indicate a marked tissue specificity, but
not species specificity, in their structure, chemical composi-
tion, and functions.

Biomatrix Scaffolds Induced and/or Maintained Differen-
tiation of Cells.

Plating hHpSCs onto dishes with sections of liver bioma-
trix scaffolds and in HDM tailored for adult liver cells
resulted in essentially 100% of the viable cells attached
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within a few hours onto biomatrix scaffolds; whether intact or
after cryogenic pulverization. The colonies of cells that ini-
tially formed on the sections of scaffolds retained some of
their stem cell phenotype as the cells in the center of the
colonies were able to resist staining with dyes (FIG. 11) and
expressed classic hepatic progenitor markers, such as
chemokine (C-X-C motif) receptor 4 (CXCR4) and epithelial
cell adhesion molecule (EpCAM) (FIG. 5). They divided
once or twice and then transitioned into cell cycle arrest and
into 3-dimensional (3-D) cord-like morphologies typical for
cultures of mature parenchymal cells (FIGS. 5 and 6 for stem
cell differentiation; compare with FIG. 7 and FIG. 12). The
HDM used did not require all the usual cytokines or growth
factors, since these are present bound to the biomatrix scaf-
folds. The transition to growth arrest correlated with staining
throughout the colonies with viability dyes (FIG. 12), with
loss of expression of EpCAM and CXCR4 and with a steady
increase in the expression of adult-specific hepatocytic and
cholangiocytic genes such as urea and cytochrome P4503A4.
(FIG. 5).

Normal adult rat and adult human hepatocytes were plated
onto type I collagen or on biomatrix scaffolds from rat or
bovine livers and into HDM for adult cells. The adult paren-
chymal cells were able to attach to scaffolds within 10 min-
utes (even in serum-free medium) versus within hours on type
I collagen, remained in growth arrest from the point of attach-
ment; and remained viable and fully functional for more than
more than 8 weeks on scaffolds versus only about ~2 weeks
on type I collagen. (FIGS. 7 and 12). The levels of functions
of the mature liver cells on biomatrix scaffolds for weeks
proved to be the same or similar to findings of others of
freshly isolated, adult hepatocytes®. The dramatic distinc-
tions are that the cultures on type I collagen deteriorate rap-
idly after 2 weeks, while those on biomatrix scaffolds
remained stable morphologically and functionally for as long
as the cultures were maintained (so far ~8 weeks).

Biomatrix scaffolds contain most of the tissue’s extracel-
Iular matrix components and matrix-bound cytokines and
growth factors providing a composite set of chemical signals
that can be used as an insoluble, stable scaffolding with an
extraordinary ability to induce hHpSCs to adult liver fates as
well as maintain adult cells fully differentiated for weeks. In
comparing the extant types of matrix extracts prepared by
investigators with that of biomatrix scaffold of the present
invention, it is clear that physical, enzymatic, and chemical
treatments have substantial effects on the composition,
mechanical behavior, and host responses to biological scaf-
folds derived from the decellularization of native tissues and
organs, and accordingly, have important implications for their
in vitro and in vivo applications. All other existing methods
for preparation of substrata or scaffolds result in the removal
of'alarge portion of the matrix components either through the
use of matrix-degrading enzymes'® or using buffers that dis-
solve major portions of the matrix'!. Physical methods (e.g.,
snap freezing and agitation) can work to prepare matrix
extracts from tissues with a layered structure such as dermis
(e.g., SIS, BSM)*® but are not useful for organs with complex
tissue structures such as liver. By contrast, our method for
biomatrix scaffolds resulted in loss of most cellular proteins
but preserved essentially all or at least most of the collagens
and collagen-associated components including the matrix-
bound cytokines, hormones and growth factors.

The extracellular matrix is embedded in a mosaic lipid
bilayer, which in even the simplest organism is a complex,
heterogeneous and dynamic environment. The delipidation
method is a critical facet of the protocol. The commonly used
methods for decellularization of tissues involve ionic deter-
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gents such as SDC and sodium dodecyl sulfate (SDS). SDC is
relatively milder than SDS, tends to cause less disruption to
the native tissue architecture, and is less effective at solubi-
lizing both cytoplasmic and nuclear cellular membranes®.
There are no reports of tissue decellularization using SDC
alone. Many studies have made use of a harsh non-ionic
detergent (e.g., Triton X-100)*" or zwitterionic detergents
(e.g., 3-(3-cholamidopropyl)dimethylammonio]-1-propane-
sulfonate, CHAPS)*?. By contrast, our method of using a
combination of SDC and PLLA2 delipidated the tissue rapidly
and gently.

At least twenty-nine types of collagens (I-XXIX) have
been identified so far in vertebrates with functional roles in
cell adhesion, differentiation, growth, tissue development and
structural integrity>>~*. The main structural components in
the matrix, collagens, are known to remain insoluble in high
salt concentrations and at neutral pH>>%, a finding that is the
basis of our strategy in the preparation of biomatrix scaffolds.
The strategy has the added advantages that the collagens
enable preservation of the matrix components bound to them,
such as laminins and fibronectins (FNs), small leucine-rich
proteoglycans (PGs) and GAGs that in turn preserve the
cytokines, growth factors or cell surface receptors that are
bound to them.

The biomatrix scaffolds are unique in their profound abil-
ity to induce rapid and consistent differentiation of stem/
progenitor cells such as hHpSCs to adult fates and to maintain
those lineage-restricted cells and to maintain those lineage-
restricted cells or too maintain adult cells plated onto the
scatfolds, as viable and fully functional cells for many weeks
(>8 weeks).

Differentiation of stem cells, such as embryonic stem (ES)
cells, induced pluripotent stem (iPS) cells or varying forms of
mesenchymal stem cells (MSC) into fully mature liver cell
types requires multiple sets of signals (soluble and matrix)
presented in stages, with induction by one set required prim-
ing to respond to a different set, and can take many weeks, up
to 6 weeks of culture, to generate cells having the adult liver
fate®”. Moreover, lineage restriction of MSCs to liver fates
gives inconsistent results with adult cells having mixed hepa-
tocyte and MSC phenotypes. The differentiation of ES cells,
iPS cells and MSCs results in hepatocyte-like cells that
express some, but never all, of the major liver-specific genes;
with variability in which genes are observed; and the protein
levels for those hepatic genes expressed are usually low™® or
high for one hepatic gene and negligible for others* **. By
contrast, the differentiation of the hHpSCs on biomatrix scaf-
folds resulted in essentially all ofthe cells expressing a classic
adult phenotype and with urea, albumin and CYP450 activi-
ties at levels that are near normal after a week in culture.

The hepatocyte-like cells from any of these precursors and
differentiated by protocols other than with biomatrix scaf-
folds, express some, but never all, of the major liver-specific
genes, with variability in which genes are observed, and with
the protein levels for hepatic genes being usually low or high
for one hepatic gene and negligible for others. For reasons
unknown, the results are diftferent from preparation to prepa-
ration. It is expected that utilization of the biomatrix scaffolds
of'this invention should result in more rapid differentiation of
these stem cell populations and with greater consistency in
achievement of cells with a stable adult phenotype.

Differentiation of determined stem cell populations, such
as hHpSCs on biomatrix scaffolds resulted in essentially all
cells expressing a classic adult repertoire of genes and with
urea, albumin, and CYP450 activities at near normal levels
within 1 to 2 weeks in culture and with stability of that
phenotype for many weeks. Thus, the biomatrix scaffolds of
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the present invention have the potential to greatly facilitate
differentiation of determined stem cell populations to an adult
liver phenotype.

The ability to differentiate stem cells on biomatrix scaf-
folds to achieve mature and functional cells and tissues offers
considerable opportunities for academic, industrial and clini-
cal programs enabling the use of well differentiated cell types
for every type of analytical study, and, most excitingly,
enabling the generation of implantable, revascularized tissues
or even organs that might be used for basic research and
clinical programs.
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Example 2

Methods for Industrial Scale Dispersal of Biomatrix
Scaffolds

Additional methods for dispersing the biomatrix scaffolds
onto dishes after pulverization were developed at GigaCyte,
LLC (Branford, Conn.). They can be used with biomatrix
scaffolds from any tissue including large mammals (e.g.,
human, porcine and bovine tissues, etc.). Pig and bovine
tissues were obtained from a USDA certified meat processing
facility, were transported in RPMI 1640). This medium can be
any medium with a composition that mimics the constituents
of interstitial fluid and with an osmolality that is in the range
of 250-350 mOsn/Kg. The tissues are then processed as
described herein to generate biomatrix scaffolds.

These methods include further processing of biomatrix
scaffolds for reduction to sized particles in suspension for
coating plates using automation. In one nonlimiting example,
the process includes homogenization of the biomatrix scaf-
fold in high salt solution to ensure collagens remain insoluble.
A modified delipidating buffer comprised of 36 units/L. phos-
pholipase A2 plus 1% sodium deoxycholate and 0.1 mg/ml
soybean trypsin inhibitor is added at a ratio of 1:1 buffer:
homogenate, which results in the buoyant rise of biomatrix
material to the top where it is collected for further processing.
The biomatrix material is further processed for removal of the
delipidating buffer and washed with nuclease solution to
remove nucleases: 5 mg/100 ml RNase, 1 mg/100 ml DNase
and 0.1 mg/ml soybean trypsin inhibitor. The biomatrix mate-
rial is then further processed in high salt (>3.4M NaCl) buffer
to ensure removal of all residues, to keep the collagens
insoluble and also to minimize protease activity. The bioma-
trix material is further processed to remove the high concen-
tration of salt to prepare for particle size reduction by washing
the biomatrix material in basal medium that contains antimi-
crobic/antimycotics, gentamicin and HEPES buffer. The
biomatrix material is then further processed to reduce the
particle size of the biomatrix material to um sized particles
(range 1-100 um) in suspension, at any dilution, optimally at
1:6, in basal medium that contains antimicrobic/antimy-
cotics, gentamicin and HEPES buffer, frozen at —-80° C., and
then pulverized by cryogenic grinding. If the biomatrix isn’t
diluted prior to grinding the matrix is too clumpy for coating
plates evenly. This is a key step to allow for grinding and even
coating of plates. The biomatrix particles can be in suspen-
sion at any dilution but optimally 1:6. The biomatrix particles
are thawed and coated onto plates used for differentiation of
stem cells. The biomatrix particles can be further diluted to
any dilution, optimally 1:24 in basal medium that contains
antimicrobic/antimycotics, gentamicin and HEPES buffer
and coated onto plates used for long term maintenance of
primary freshly isolated, cryopreserved or stem cell-derived
terminally differentiated cell types or for differentiating any
stem cell source into hepatocytes. Sterilization of the bioma-
trix coated plates can be done with, e.g., gamma irradiation
(5,000 rads) and stored at 4° C. (or frozen at —80° C.) until
use. Plating cells onto the biomatrix does not require serum
containing medium for attachment but serum-containing
medium can be used for applying cells to the biomatrix. The
composition of biomatrix particles from any tissue can be
used for coating plates and other apparati.

As another example, the present invention provides a
method of producing a biomatrix scaffold from biological
tissue for industrial scale dispersal onto culture apparatus,
comprising: a) producing a biomatrix scaffold according to
any of the methods of this invention as described herein, b)
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diluting the biomatrix scaftold of (a) in basal medium; c)
freezing the biomatrix scaffold of (b) at about -80° C.; d)
pulverizing the biomatrix scaffold of (¢) by cryogenic grind-
ing into biomatrix particles ranging in size from about 1 umto
about 100 um (e.g., about 1 pm, 2 pm, 5 pm, 10 um, 15 um, 20
um, 25 pm, 30 pm, 40 pm, 50 um, 60 um, 70 pm, 80 um, 90
pm, 95 um 100 pm, 110 pm, 120 pm, 150 pm, 200 um, etc.);
e) thawing the biomatrix particles of (d) in suspension in basal
medium; and f) dispersing the biomatrix particles of step (e)
onto a culture apparatus, thereby producing a biomatrix scaf-
fold from biological tissue for industrial scale dispersal onto
culture apparatus. In some embodiments, this method can
further comprise the step of sterilizing the biomatrix particles,
which can be carried out, for example by gamma irradiation.

In some embodiments of the methods described above, the
biomatrix scaffold of step (b) can be diluted at about a 1:6
ratio (e.g., 1:3, 1:4, 1:5, 1:6, 1:7, 1:8, 1:9, etc.) in basal
medium. In some embodiments, the biomatrix particles of
step (e) can be diluted at about a 1:24 (e.g., 1:15, 1:16, 1:17,
1:18,1:19,1:20,1:21,1:22,1:23,1:24,1:25,1:26,1:27: 1:28,
1:29, 1:30, etc) in basal medium.

Outline of Exemplary Protocol Used for Adult Liver

1000x Soybean Trypsin Inhibitor
Final concentration 0.1 mg/ml
Tissue Transport Solution
Basal medium such as RPMI 1640 or phosphate buffered
saline with calcium and magnesium
Antibiotic/ Antimycotic 100x solution
#15240-112)
Gentamicin (25 ug/ml) (Gibco #15710-072)
Solution 1: Tissue Blending Solution
3.4M NaCl
0.1 mg/ml Soybean Trypsin Inhibitor (Gibco #17075-029)
Solution 2: Delipidation Solution
A mix of Solution 1 with 1:1 PBS (w/Ca & Mg); alternative
ratios being 1:2, 1:3, 1:4) or alternatively a basal
medium such as RPMI 1640
0.1% Sodium Deoxycholate (Sigma D6750-100 g)
36 u/L Phospholipase A2 (Sigma P9279-25 mg)
0.1 mg/ml Soybean Trypsin Inhibitor (Gibco #17075-029)
Solution 3: Nuclease Solution
Basal medium such as RPMI 1640
5 mg/100 ml RNase (Sigma R6513-1 g)
1 mg/100 ml DNase (DN25-1 g)
0.1 mg/ml Soybean Trypsin Inhibitor
Solution 4: High Salt Solution
3. M NaCl
Solution 5: Salt Removal & Grinding Solution
William’s E
Antibiotic/ Antimycotic (100x)
Gentamicin (30 ug/ml)
Steps in Biomatrix Isolation Process for Large Organs
1. Tissue homogenization in high salt
2. Decellularization and Delipidation
3. Nuclease Removal
4. High Salt Wash
5. Salt Removal
6. Biomatrix Particle Size Reduction
7. Coating Plates With Biomatrix

(Gibeo

Biomatrix Isolation Process

1.0 Tissue Procurement
1.1 Obtain organ tissue from a USDA certified and
inspected facility
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1.2 Transport organ tissue from USDA facility to GigaCyte
laboratory in plastic container in Tissue Transport Solu-
tion

1.3 Prepare tissue for perfusion or homogenization
1.3.1 Homogenization is preferred for in vitro applica-

tion in multi-well plates
2.0 Tissue Homogenization

2.1 Aseptically, cut tissue into small pieces (~3x3 cm) with
surgical blade No. 22 and place in Tissue Transport
solution to remove blood

2.2 Rinse tissue pieces 3-4 times in Tissue Transport Solu-
tion to remove as much blood as possible

2.3 Homogenize ~400 g tissue in equal volume of Solution
1 until mixture is homogeneous (~3-5 min.)

2.4 Pour homogenized tissue solution into 2 L. roller bottle
for decellularization

2.5 Repeat for entire batch of tissue pieces

3.0 Decellularization and Delipidation

3.1 Add equal volume of Solution 2 to homogenized tissue
in roller bottle

3.2 Mix well by inverting bottle several times then let set
for 15-30 minutes

3.3 The buoyant matrix material will rise to the top creating
a distinct separation of light matrix material atop of the
liver colored solution

3.4 Pipette off the buoyant matrix material and transfer into
another roller bottle

3.5 Pool matrix from multiple homogenizations

3.6 Transfer ~375 ml matrix material into a 750 ml centri-
fuge bottle, add equal volume of Solution 2 to each bottle
and shake vigorously for ~1 minute to ensure complete
decellularization and delipidation

3.7 Pellet by centrifugation at high (3750 RPM) speed for
10 minutes, then remove supernatant

3.8 Repeat this process 1 more times (2 times total)

4.0 Nuclease Removal

4.1 Remove supernatant after final decellularization wash,
taking care not to disturb the biomatrix pellet

4.2 Add equal volume of Solution 3 to each bottle and
shake vigorously for ~1 min. to ensure all material is in
suspension and complete removal of nucleases

4.3 Pellet by centrifugation at high (3750 RPM) speed for
10 minutes, then remove supernatant

4.4 Repeat this process 1 more times. (2 times total)

5.0 High Salt Wash
5.1 Remove supernatant after final nuclease wash, taking
care not to disturb the biomatrix pellet
5.2 Add equal volume of Solution 4 to each bottle and
shake vigorously taking care to ensure all material is in
suspension
5.3 Pellet by centrifugation at high (3750 RPM) speed for
10 minutes, then remove supernatant
5.3.1 At this phase biomatrix doesn’t pellet well and is
buoyant after centrifugation.

5.3.2 Pipette supernatant off and run through nylon filter
to collect buoyant material

5.3.3 Return buoyant matrix collected to the centrifuge
bottle

5.4 Repeat this process at least 2 times before stopping
5.4.1 Supernatant is slightly tan to clear in color after

final salt wash

5.5 After 2" high salt wash is a good stopping point if it is
late in the day.

5.6 Pour the contents of all centrifuge bottles into oneroller
bottle and top off with Solution 4 then put biomatrix into
4° C. over night.
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5.7 Next day continue remaining salt washes
5.8 Shake biomatrix bottle vigorously to mix well bioma-
trix material then transfer biomatrix into the centrifuge
bottles and continue 3-4 more salt washes
5.9 Condense biomatrix into as few bottles as possible
filling each a maximum of half full to allow for Salt
washes
6.0 Salt Removal
6.1 Remove supernatant after final salt wash taking care not
to disturb the biomatrix pellet
6.2 Add equal volume of Solution 5 and shake vigorously
to ensure all biomatrix material is in suspension
6.3 Pellet by centrifugation at high (3750 RPM) speed for
10 minutes
6.4 Remove supernatant and add equal volume of Solution
5 then shake vigorously.
6.5 Repeat 2 times (3 times total) to ensure supernatant is
clear
6.5.1 Biomatrix will pellet more tightly with each spin
6.5.2 Supernatant should be clear without any color
following final wash
6.6 After final Solution 5 wash record volume of matrix
pellets from each bottle
6.7 Transfer and pool all biomatrix pellets into new roller
bottle
6.8 Measure volume of biomatrix material
6.9 Dilute the pooled biomatrix 1:6 with Solution 5
6.9.1 Calculate amount of Solution 5 required
6.9.1.1 Example: 200 ml biomatrixx6=1,200
6.9.1.2 Add 1 L Solution 5 to 200 ml biomatrix for a
1:6 biomatrix suspension
6.10 Aliquot30 ml biomatrix 1:6 suspension into pre-la-
beled freezer bags
6.11 Freeze bags of biomatrix at —80° C. and store until
grinding
6.12 Prepare “biomatrix lot grinding data sheet” for the
new biomatrix lot
6.12.1 Record the number of bags produced from this
new batch
6.12.2 Each bag is a separate grind from the same lot
6.13 The biomatrix material produced from this batch is
considered one lot
6.14 Assign lot number to the batch
7.0 Biomatrix Particle Size Reduction
7.1 Prepare the grinding mill (Spex Sample Prep 6870)
with LN2 and chill grinding chamber
7.2 Remove frozen biomatrix bag from freezer
7.3 Break into small pieces
7.4 Transfer frozen biomatrix pieces into pre-chilled grind-
ing mill chamber
7.5 Grind 2 runs (one run is 12x2 minute grinds each
followed by 2 minute cool down) 48 minutes each in
cryomill
7.6 Transfer ground biomatrix into 100 ml bottle pre-la-
beled with lot number and bag number (bag number
identifies grind date)
7.7 Keep frozen at —80° C. until ready for coating plates
8.0 Preparing Biomatrix for Coating Plates
8.1 Thaw one bottle of biomatrix rapid thaw method in 37°
C. water-bath
8.2 Measure thawed biomatrix suspension (should be ~30
ml+2 ml)
8.3 Dilute to 1:24 with Solution 5 (see FIG. 17)
8.3.1 Calculate volume of Selution 5 to add to the 1:6
biomatrix suspension
8.3.1.1 Multiply biomatrix suspension volumex3
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8.3.1.2 Add that volume to the 1:6 suspension for 1:24
dilution
8.4 Coat plates immediately (letting diluted biomatrix set
will result in clumping)
9.0 Coating Plates with Biomatrix
9.1 Determine the number of plates to be coated. Refer to
Table 8 for plating volumes
Remove plates from packaging aseptically and organize in
the laminar flow hood
Transfer appropriate volume of biomatrix suspension into
each well using a multichannel pipettor where appropri-
ate. Refer to Table 1 for plating volume
Ensure that the suspension is evenly distributed across
well-tap plate if necessary but don’t remove from flat
surface of hood.
Let plates remain undisturbed overnight
First thing the next day remove solution from each well
Handle plates carefully so matrix coating isn’t disturbed
Tilt plate toward you without removing plate edge from
hood surface. This stabilizes plate to prevent jerky
movements that will make biomatrix come off the
plate
Using suction apparatus with fine tip pipette aspirate
entire solution from each well. DO NOT TOUCH
MATRIX SURFACE WITH PIPETTE!!!
Gently lay plate back down, remove lid and allow to dry
completely (~2 hours)
Moving plate while wet disturbs the biomatrix coat-
ing
Do not move plates until matrix is dry
When completely dry replace lid and examine for qual-
ity
Place plates that have smooth coating into plate pouch
Seal pouch and apply label
Sterilize by gamma irradiation (5,000 rads)
Store coated plates in 4° C.
Ship coated plates in packs of 5 on ice pack
10.0 Using Biomatrix Plates
10.1 Remove plate from packaging aseptically and place in
biological safety cabinet
10.2 Add media to each well and place in incubator for at
least 2 hours prior to use
10.3 When ready to plate cells, remove rehydration media
and wash with tissue culture media once
10.4 Add cells
The foregoing is illustrative of the present invention, and is
not to be construed as limiting thereof. The invention is
defined by the following claims, with equivalents of the
claims to be included therein. All publications, patent appli-
cations, patents, patent publications, sequences identified by
GenBank® Database and/or SNP accession numbers, and
other references cited herein are incorporated by reference in
their entireties for the teachings relevant to the sentence and/
or paragraph in which the reference is presented.

TABLE 1

Molar concentration ranges of NaCl for Collagen Types I-V.

Molar Concentration range of NaCl

for precipitation (therefore, insolubility
at the concentration specified and/or
Collagen at concentrations above that listed)
Type Source Acidic pH Neutral pH
I Skin 0.7-0.9 2.6
ITrimer  Skin 0.7-0.9 4.0
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TABLE 1-continued

Molar concentration ranges of NaCl for Collagen Types I-V.

Molar Concentration range of NaCl
for precipitation (therefore, insolubility
at the concentration specified and/or

Collagen at concentrations above that listed)
Type Source Acidic pH Neutral pH
I Skin 0.7-.09 1.5-1.7

v Placenta 1.2 1.7-2.0

v Amnion and chori- 1.2 3.6-4.5

on; placenta

Reference: Paul Bornstein and Helene Sage (1980) Structurally Distinct Collagen Types.
Annual Review of Biochemistry. 49: 957-1003.

These data are representative of conditions for insolubility
of types of collagens. One has to identify the collagen types

42

within a tissue and then use the highest salt concentration
identified for those collagens in the tissue and as that for the
buffers used for preparing the biomatrix scaffolds. For
example, for skin, one would use a buffer at neutral pH and
5 with a salt concentration of 4.0M, a salt concentration that
would keep insoluble type I and I1I collagens. By contrast, for
placenta, one would use a buffer at neutral pH and 4.5M salt
to keep insoluble both type IV and type V collagen.
The types of collagens present in a tissue are distinct at
10 different ages of a host. For example, fetal livers have high
levels of type 111, IV and V collagens (requiring salt concen-
trations above 4.0M), whereas adult livers have a mix of type
I, I, 1V, V, VI and XVIII collagens (requiring lower salt
concentrations). Thus, the salt concentration needed for a
15 biomatrix scaffold preparation is dictated by the repertoire of
collagens that are dominant in the tissue. See reference 23 of
Example 1 for further details.

TABLE 2

Analyses of Collagen Content in Liver Biomatrix Scaffold

BIOMATRIX SCAFFOLDS (N = 4) LIVER TISSUE (N = 3)

Amino sample 1  sample2 sample3 Sample 4
acids Res/1000  Res/1000  Res/1000  Res/1000

sample 1  sample2 sample 3
AVERAGE SD  Res/1000  Res/1000 Res/1000 AVERAGE SD

Hyp 10.0 13.8 15.3 12.1 12.8 2.3 0.0* 0.0%* 0.0* 0.0%* 0.0%*
Asp 82.7 77.1 78.4 85.5 80.9 3.9 93.0 94.5 90.8 92.8 1.8
Thr 52.6 51.1 45.6 52.4 50.4 3.3 52.2 51.0 53.7 523 1.3
Ser 56.5 53.7 61.9 62.4 58.6 4.2 57.7 57.0 62.0 58.9 2.7
Glu 112.0 107.0 117.4 118.1 113.6 5.2 123.9 122.0 130.1 1254 4.2
Pro 523 52.2 55.7 51.6 52.9 1.9 46.6 45.9 46.4 46.3 0.4
Gly 118.7 134.0 125.4 109.4 121.9 10.4 88.2 84.6 89.1 87.3 24
Ala 88.3 86.1 89.5 83.6 86.9 2.6 79.0 78.2 90.6 82.6 7.0
Val 64.3 57.2 54.8 65.9 60.6 5.4 71.6 71.3 70.1 71.0 0.8
Met 21.7 20.6 20.7 20.4 20.8 0.6 21.4 214 21.7 215 0.2
Ile 51.8 47.7 47.4 41.7 47.2 4.2 49.6 50.1 42.3 47.3 4.3
Leu 92.7 83.8 109.7 87.5 93.4 11.5 93.8 95.1 92.7 93.9 1.2
Tyr 30.8 26.9 22.4 28.1 27.0 3.5 31.8 32.1 275 30.5 2.6
Phe 455 40.7 42.4 42.8 42.8 2.0 47.8 51.0 43.7 47.5 3.7
His 21.0 18.8 13.2 21.8 18.7 3.9 21.8 215 24.1 225 1.4
Hyl 1.0 1.8 1.6 4.3 2.2 1.5 0.0%* 0.0%* 0.0%* 0.0%* 0.0%*
Lys 40.6 70.0 49.8 66.2 56.7 13.8 74.6 78.5 73.0 75.3 2.8
Arg 575 57.6 48.7 46.1 52.5 6.0 47.0 46.0 42.1 45.0 2.6
Note:
*less than 0.2 res/1,000;
**not detected.

TABLE 3

Analyses of Growth Factors Bound to Bile Duct Biomatrix Scaffolds

Human
Human Bile Duct
Bile  Biomatrix

NAME CYTOKINE FULL NAME Ducts  Scaffolds %

bFGF Basic fibroblast growth factor 58299 126 0%
b-NGF Nerve growth factor (beta polypeptide) 516 81 16%
EGF Epidermal growth factor 91 108 119%
EGFR Epidermal growth factor receptor 479 145 30%
FGF-4 Fibroblast growth factor-4 31 36 116%
FGF-6 Fibroblast growth factor-6 14 17 121%
FGF-7 Fibroblast growth factor-7 149 23 15%
GCSF Granulocyte-colony stimulating Factor 207 233 113%
GDNF Glial-derived neurotrophic factor 53 49 92%
GM-CSF  Granulocyte macrophage-colony stimulating 108 97 90%

factor

HB-EGF  Heparin-binding epidermal growth factor 28 23 82%
IGFBP-1 Insulin-like growth factor binding proteins 1 431 61 14%
IGFBP-2  Insulin-like growth factor binding proteins 2 255 20 8%
IGFBP-3  Imsulin-like growth factor binding proteins 3 77 54 70%
IGFBP-4  Insulin-like growth factor binding proteins 4 81 58 72%
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TABLE 3-continued

Analyses of Growth Factors Bound to Bile Duct Biomatrix Scaffolds

Human
Human Bile Duct
Bile  Biomatrix
NAME CYTOKINE FULL NAME Ducts  Scaffolds %
IGFBP-6  Insulin-like growth factor binding proteins 6 783 107 14%
IGF-I Insulin-like growth factor-I 18 6 33%
IGF-ISR  Insulin-like growth factor-I 89 25 28%
IGF-II Insulin-like growth factor-2 2873 3945 137%
M-CSF Macrophage-colony stimulating factor 149 105 70%
M-CSF R Macrophage colony stimulating factor receptor ~ 358 71 20%
NT-3 Neurotrophin-3 71 71 100%
NT-4 Neurotrophin-4 75 58 T7%
PDGF Ra Platelet-derived growth factor receptor alpha 104 63 61%
PDGF Rb Platelet-derived growth factor receptor beta 489 110 22%
PDGF-AA Platelet-derived growth factor AA 114 52 46%
PDGF-AB Platelet-derived growth factor AB 87 65 75%
PDGF-BB Platelet-derived growth factor BB 155 75 48%
PIGF Phosphatidylinositol glycan anchor biosyn- 146 14 10%
thesis, class F
SCF Stromal cell-derived factor-1 39 22 56%
SCFR Stromal cell-derived factor receptor 159 31 19%
TGF-a Transforming growth factor alpha 52 25 48%
TGF-b Transforming growth factor-beta 234 277 118%
TGF-b2  transforming growth factor-beta 2 103 121 117%
TGF-b3  Transforming growth factor-beta 3 28 16 57%
VEGF Vascular endothelial growth factor 74 35 47%
VEGF R2 Vascular endothelial growth factor receptor 2 108 33 31%
VEGF R3  Vascular endothelial growth factor receptor 3 45 40 89%
TABLE 4
Antibodies Utilized
Host and
Antibody’s name isotype Company Catalog NO. Dilution
Primary Antibodies to extracellular matrix components
1. collagen 1 mouse IgG1 Sigma C2456 1/2000
2. collagen 3A1 Mouse IgG1 Sigma C7805 1/2000
3. collagen 4A1 Goat IgG Santa Cruz 5¢-9302 1/50
4. collagen SA1 Rabbit IgG Santa Cruz sc-20648 1/50
5. collagen 6 Rabbit IgG Santa Cruz Sc-20649 1/50
6. chondroitin sulfate mouse IgM Sigma CR035 1/200
7. Elastin Rabbit IgG Abcam ab21610 1/200
8. entactin (nidogen 1) Rat IgG GeneTex GTX72367 1/200
9. heparan sulfate Mouse IgM Seiko, Japan 270426 1/200
10. HS-PG: perlecan Mouse IgG2a  NeoMarkers RT-794 1/200
11. HS-PG: syndecan-1 Goat IgG R&D AF2780 1/100
12. Fibronectin Mouse IgG1 Sigma F7387 1/200
13. Laminin Mouse IgG1 Sigma 18271 1/1000
Primary Antibodies to other proteins
1. AFP Rabbit IgG Novus NB100-1611  1/200
Biologicals
2. Albumin Rabbit IgG Novus NB 600-570 1/200
Biologicals
3. ASMA mouse [gG2a  Sigma A2547 1/300
4. Ck18 mouse IgG2b  Sigma SAB3300016  1/400
5. hCK19 mouse [gG2a  Abcam ab7754 1/250
6. CK19 Rabbit IgG Abcam ADb52625 1/200
7. CYP3A4 Mouse IgG Abnova H00001576- 1/200
BO1P
8. Desmin Rabbit IgG Abcam Abg592 1/200
9. EpCAM Mouse IgG1 NeoMarkers MS-181 1/200
10. secretin receptor Rabbit IgG Santa Cruz sc-26633 1/100
11. PAN CK Mouse IgG1 Abcam ab-7753 1/300
12. Tubulin-a Mouse IgG1 Neomarkers MS-581 1/1000
13. Vimentin Mouse IgG1 Abcam Abg978 1/200

44



45

US 9,102,913 B2

TABLE 4-continued
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Antibodies Utilized
Host and
Antibody’s name isotype Company Catalog NO. Dilution

Secondary Antibodies or dyes for fluorescent cell stain or tissue immunohistochemistry

Alexa Fluor ® 488/594 goat anti-mouse Molecular Probes 1/500
IgG 1 or 2a or anti rabbit IgG
VECTASTAIN ® ABC system Vector Laboratories
NovaRED ™ SUBSTRATE KIT Vector Laboratories
Phalloidin 488 Molecular Probes 1/500
TABLE 5
Primers Utilized for RT-PCR
GenBank Amplicon
No Name Full name Accession Sequence (5'-> 3') Tm Size
1 CXCR-4 chemokine (C-X-C motif) AJ224869 TACACCGAGGAAATGGGCTCA 63 112
receptor 4 AGATGATGGAGTAGATGGTGGG 60.
2 EpCAM epithelial cell adhesion NM 002354 ATAACCTGCTCTGAGCGAGTG 61. 104
molecule TGAAGTGCAGTCCGCAAACT 62.
3 KRT19 keratin 19 NM 002276 ACCAAGTTTGAGACGGAACAG 60. 181
CCCTCAGCGTACTGATTTCCT 61.
4 HNF6 hepatocyte nuclear factor 6, NM 004498 ATGTGGAAGTGGCTGCAGGA 60. 105
alpha TGTGTTGCCTCTATCCTTCCC 61.
5 FOXA2 forkhead box A2 NM 021784 GCGACCCCAAGACCTACAG 61. 162
GGTTCTGCCGGTAGAAGGG 61.
6 PROX1 prospero homeobox 1 NM 002763 TTGACATTGGAGTGAAAAGGACG 61 100
TGCTCAGAACCTTGGGGATTC 61.
7 AFP alpha-fetoprotein NM 001134 CTTGCACACAAAAAGCCCACT 61. 138
GGGATGCCTTCTTGCTATCTCAT 61.
8 ALB albumin M12523 TTTATGCCCCGGAACTCCTTT 61. 90
ACAGGCAGGCAGCTTTATCAG 62.
9 TF transferrin NM 001063 CCTCCTACCTTGATTGCATCAG 60. 137
TTTTGACCCATAGAACTCTGCC 60
10 CYP3A4 cytochrome P450, family 3, NM 017460 AAGTCGCCTCGAAGATACACA 60. 174
subfamily A, polypeptide 4 AAGGAGAGAACACTGCTCGTG 61.
11 TAT tyrosine aminotransferase NM 000353 TTTGGGACCCTGTACCATTGT 61 102
GCATTGGACTTGAGGAAGCTC 61
12 G6PC glucose-6-phosphatase, NM 000151 TCAGGGAAAGATAAAGCCGACC 61. 105
catalytic subunit AGGTAGATTCGTGACAGACAGAC 61.
13 CFTR cystic fibrosis transmembrane NM 000492 AAAAGGCCAGCGTTGTCTCC 63 170
conductance regulator TGAAGCCAGCTCTCTATCCCA 62.
14 GGT1 gamma-glutamyltransferase 1 J05235 GGGGAGATCGAGGGCTATGAG 63 150
GATGACGGTCCGCTTGTTTTC 61.
15 AE2 SLC4A2 NM 003040 GCCAAGGGCGCAGATTCTT 63 103
CCAGGGTGCGGTGAAGTTC 62.
16 ASBT SLC10A2 NM 000452 TGTGTTGGCTTCCTCTGTCAG 62 115
GGCAGCATCCTATAATGAGCAC 60.
17 GAPDH glyceraldehyde-3-phosphate NM 002046 CATGAGAAGTATGACAACAGCCT 60 113
dehydrogenase AGTCCTTCCACGATACCAAAGT 60.
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Analyses of Growth Factor Bound to Liver Biomatrix Scaffolds

Rat Rat Biomatrix
Name Cytokine Full Name Livers Scaffolds Percent
bFGF Basic fibroblast growth factor 100.06 394.14 394
EGF Epidermal growth factor 74.81 76.02 102
EGFR Epidermal growth factor receptor 92.81 81.64 88
FGF-4 Fibroblast growth factor-4 15.06 13.21 88
FGF-6 Fibroblast growth factor-6 4.81 3.77 78
FGF-7 Fibroblast growth factor-7 10.06 6.32 63
GCSF Granulocyte-colony stimulating factor 348.06 338.20 97
GDNF Glial-derived neurotrophic factor 81.31 43.59 54
GM-CSF  Granulocyte macrophage-colony stimulating factor 133.56 105.38 79
HB-EGF  Heparin-binding epidermal growth factor 44.56 38.23 86
IGFBP-1 Insulin-like growth factor binding proteins 1 67.81 70.40 104
IGFBP-3  Imsulin-like growth factor binding proteins 3 140.81 201.90 143
IGFBP-4  Insulin-like growth factor binding proteins 4 83.56 58.92 71
IGFBP-6  Insulin-like growth factor binding proteins 6 91.81 72.19 79
IGF-I Insulin-like growth factor-I 1.56 1.98 127
IGF-ISR  Insulin-like growth factor-I 7.31 3.51 48
IGF-1I Insulin-like growth factor-2 3749.06 3482.52 93
M-CSF Macrophage-colony stimulating factor 170.31 134.68 79
M-CSF R Macrophage colony stimulating factor receptor 70.56 50.47 72
NT-3 Neurotrophin-3 25.56 5.03 20
NT-4 Neurotrophin-4 55.06 43.59 79
PDGF Ra Platelet-derived growth factor receptor alpha 10.56 21.11 200
PDGF Rb Platelet-derived growth factor receptor beta 113.81 85.46 75
PDGF-AA Platelet-derived growth factor AA 62.06 106.40 171
PDGF-AB Platelet-derived growth factor AB 19.31 19.34 100
PDGF-BB Platelet-derived growth factor BB 9.56 14.23 149
PIGF Phosphatidylinositol glycan anchor biosynthesis, class F 4.81 8.36 174
SCF Stromal cell-derived factor-1 2.06 42.56 2064
SCFR Stromal cell-derived factor receptor 17.06 17.80 104
TGF-a Transforming growth factor alpha 21.31 21.63 102
TGF-b Transforming gowth factor-beta 330.31 342.77 104
TGF-b2  transforming growth factor-beta 2 134.06 152.34 114
TGF-b3  Transforming growth factor-beta 3 1.06 0.18 17
VEGF Vascular endothelial growth factor 70.56 94.14 133
VEGF R2 Vascular endothelial growth factor receptor 2 13.56 11.93 88
VEGF R3  Vascular endothelial growth factor receptor 3 459.56 46.91 10
TABLE 7
Properties of human hepatic stem cells (hHpSCs) after isolation and in culture
hHpSCs- Self-Replication Conditions Differentiation Conditions
freshly (Day 12) (Day 12)
Properties Isolated KM and TCP or Type III collagen DM and Type I Collagen DM and Biomatrix Scaffolds
How long to attach — ~4-5 hours on TCP; ~3 hours on 7-12 hours ~3 hours
type III collagen
% attachment of — 60-80% on TCP and ~100% on ~100%
viable cells type III collagen
Morphology of 2-dimensional (monolayer) colonies ~ Cords of cells; somewhat Cords of cells; very
colonies cuboidal 3-dimensional
Doubling time — A division every ~36 hrs on TCP and A division every ~40-50  Only a few divisions transitioning
(division rate) ~24-26 hours on type Il collagen  hours transitioning to growth  to growth arrest by ~5 days
arrest by 7-10 days
Duration of >6 months (remaining as stem cells) ~2 weeks >8 weeks as differentiated cells
Viability (not tested yet for longer)
Percentage of Cells Expressing the Specified Marker
EpCAM 100% Present on membranes of small cholangiocytes;
no expression at all in mature hepatocytes
NCAM >80% None
CD133/1 90% None
SOX 17 100% None
CK 8/18, E-cadherin 100% 100%
CK19 90% Present in cholangiocytes but not in hepatocytes
a-fetoprotein None; If any, then due to contamination Moderate expression in Expression in first 2-3 days,
with hepatoblasts most cells at 10-12 days ~ decreases dramatically thereafter,

P450s
Urea synthesized

None or negligible levels
None

100% (~18,000 RLU)*

no expression from day 7 on.
100% (~35,000 RLU)*

~2.5 mgs/dL ~7 mgs/dL



US 9,102,913 B2

49

50

TABLE 7-continued

Properties of human hepatic stem cells (hHpSCs) after isolation and in culture

Markers: mature
hepatocytes

Markers: mature
cholangiocytes

Most of the cells have none; those expressing
do so weakly (e.g. albumin); all express
transferrin mRNA but no transferrin protein
Most none; those expressing any do so weakly:
(e.g. CFTR, GGT1, AE2: no expression
of ASBT and late aquaporins

albumin, transferrin protein, tyrosine aminotransferase
(TAT), glycogen. Weak levels on collagen I versus
strong on biomatrix scaffolds
Secretin receptor, AE2, ABAT, CFTR, GGT1, AE2,
ASBT, but with weak levels on collagen I versus
very strong on biomatrix scaffolds

KM = Kubota’s Medium, a serum-free medium used for hHpSCs and progenitors; HDM-L = differentiation medium derived from KM and with hormones and factors
given in the methods. TCP = tissue culture plastic. *See FIG. 5F; **See FIG. SE

TABLE 8

TABLE 8-continued

Biomatrix plating volumes for multiwall plates

Biomatrix plating volumes for multiwall plates

Plate Size

Volume/well Volume/Plate Plates/Bottle

15

Plate Size Volume/well Volume/Plate Plates/Bottle

384-well
96-well
24-well

12.0 ml 10
5.0 ml 24
7.5 ml 16

30 ul
50 ul
300 ul

12-well
6-well

800 ul
1.5 ml

10 ml 12
9 ml 13

<160>

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQUENCE LISTING

NUMBER OF SEQ ID NOS: 34

SEQ ID NO 1

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer

SEQUENCE: 1

tacaccgagyg aaatgggctc a

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 2

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer

SEQUENCE: 2

agatgatgga gtagatggtg g9

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 3

LENGTH: 21

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer

SEQUENCE: 3

ataacctget ctgagegagt g

<210>
<211>
<212>
<213>
<220>
<223>

<400>

SEQ ID NO 4

LENGTH: 20

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer

SEQUENCE: 4

tgaagtgcag tccgcaaact

<210>
<211>

SEQ ID NO 5
LENGTH: 21

21

22

21

20
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<212> TYPE: DNA
<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 5

accaagtttyg agacggaaca g

<210> SEQ ID NO 6

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 6

ccctcagegt actgatttee t

<210> SEQ ID NO 7

<211> LENGTH: 20

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 7

atgtggaagt ggctgcagga

<210> SEQ ID NO 8

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 8

tgtgttgect ctatccttee ¢

<210> SEQ ID NO 9

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 9

gegaccccaa gacctacag

<210> SEQ ID NO 10

<211> LENGTH: 19

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 10

ggttctgecyg gtagaaggyg

<210> SEQ ID NO 11

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 11

21
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ttgacattgyg agtgaaaagg acg

<210> SEQ ID NO 12

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 12

tgctcagaac cttggggatt c

<210> SEQ ID NO 13

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 13

cttgcacaca aaaagcccac t

<210> SEQ ID NO 14

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 14

gggatgcctt cttgctatcet cat

<210> SEQ ID NO 15

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 15

tttatgccce ggaactcctt t

<210> SEQ ID NO 16

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 16

acaggcaggce agctttatca g

<210> SEQ ID NO 17

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 17

cctectacct tgattgeate ag

<210> SEQ ID NO 18

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial
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<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 18

ttttgaccca tagaactectg cc

<210> SEQ ID NO 19

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 19

aagtcgecte gaagatacac a

<210> SEQ ID NO 20

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 20

aaggagagaa cactgctegt g

<210> SEQ ID NO 21

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 21

tttgggacce tgtaccattg t

<210> SEQ ID NO 22

<211> LENGTH: 21

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 22

gcattggact tgaggaagct ¢

<210> SEQ ID NO 23

<211> LENGTH: 22

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 23

tcagggaaag ataaagccga cc

<210> SEQ ID NO 24

<211> LENGTH: 23

<212> TYPE: DNA

<213> ORGANISM: Artificial
<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 24

aggtagattc gtgacagaca gac
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<210> SEQ ID NO 25
<211> LENGTH: 20
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 25
aaaaggccag cgttgtctee
<210> SEQ ID NO 26

<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 26
tgaagccage tctctatcee a
<210> SEQ ID NO 27

<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 27

ggggagatcg agggctatga g

<210> SEQ ID NO 28
<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 28
gatgacggte cgettgtttt ¢
<210> SEQ ID NO 29

<211> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 29
gccaagggeg cagattett
<210> SEQ ID NO 30

<211> LENGTH: 19
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 30

ccagggtgeg gtgaagttce

<210> SEQ ID NO 31
<211> LENGTH: 21
<212> TYPE: DNA

<213> ORGANISM: Artificial

<220> FEATURE:

<223> OTHER INFORMATION: RT-PCR primer
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<400> SEQUENCE: 31

tgtgttgget tcctetgtea g

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 32

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer
<400>

SEQUENCE: 32

ggcagcatce tataatgage ac

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 33

LENGTH: 23

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer
<400>

SEQUENCE: 33

catgagaagt atgacaacag cct

<210>
<211>
<212>
<213>
<220>
<223>

SEQ ID NO 34

LENGTH: 22

TYPE: DNA

ORGANISM: Artificial

FEATURE:

OTHER INFORMATION: RT-PCR primer

<400> SEQUENCE: 34

agtcctteca cgataccaaa gt

21

22

23

22

That which is claimed is:

1. A method of producing a biomatrix scaffold from bio-
logical tissue for industrial scale dispersal onto culture appa-
ratus, comprising:

(a) perfusing or homogenizing biological tissue with a
buffer comprising a salt concentration from about 3.5 M
NaCl to about 4.5 M NaCl, wherein the tissue is selected
from the group consisting of liver, lung, thyroid, skin,
pancreas, blood vessels, bladder, kidneys, brain, biliary
tree, duodenum, abdominal aorta, iliac vein, heart and
intestines; then

(b) perfusing the biological tissue or extracting the homo-
genate of step (a) with a delipidating bufter comprising
lipases and detergents in a serum free first medium,
having a neutral pH and an osmolality from about 250
mOsm/kg to about 350 mOsm/kg, wherein the deter-
gents do not comprise sodium dodecyl sulfate or Tri-
tonX-100; then

(c) perfusing the tissue or extracting the homogenate of
step (b) with a buffer at a neutral pH and comprising a
salt concentration from about 2.0 M NaCl to about 5.0 M
NaCl, the concentration chosen to keep insoluble col-
lagens identified in the biological tissue; then

(d) pertusing the tissue or extracting the homogenate of
step (c) with RNase and DNase in a buffer; and then

(e) rinsing the tissue or homogenate of step (d) with a
second medium that is at neutral pH, is serum-free and
has an osmolality from about 250 mOsm/kg to about 350
mOsm/kg, thereby producing an intact or homogenized
biomatrix scaffold from the biological tissue, said
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biomatrix scaffold comprising at least 95% of the col-
lagens and most collagen-associated matrix components
and matrix bound growth factors, hormones and cytok-
ines of the biological tissue;

(D) diluting the biomatrix scaffold in basal medium;

(g) freezing the biomatrix scaffold of (f);

(h) pulverizing the biomatrix scaffold of (g) by cryogenic
grinding into biomatrix particles ranging in size from
about 1 nm to about 100 um;

(1) thawing the biomatrix particles of (h) in suspension in
basal medium; and

(j) dispersing the biomatrix particles of step (i) onto a
culture apparatus, thereby producing a biomatrix scaf-
fold from biological tissue for industrial scale dispersal
onto culture apparatus.

2. The method of claim 1, further comprising the step of

sterilizing the biomatrix scaffold.

3. The method of claim 2, wherein the sterilizing of step is

carried out by gamma irradiation.

4. The method of claim 1, wherein the biomatrix scaffold of

() is diluted at about a 1:6 ratio in the basal medium.

5. The method of claim 1, wherein the biomatrix particles

of (i) are diluted at about a 1:24 ratio in the basal medium.

6. The method of claim 1, wherein the detergents are

selected from the group consisting of salts of deoxycholic
acid, 1-heptanesulfonic acid, N-laurylsarcosine, lauryl sul-
fate, 1-octane sulfonic acid and taurocholic acid; benzalko-
nium chloride; cetylpyridimum; methylbenzethonium chlo-
ride; decamethonium bromide; alkyl betaines; alkyl
amidoalkyl betaines; N-dodecyl-N,N-dimethyl-3-ammonio-
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1-propanesulfonate; phosphatidylcholine; n-decyl a-D-glu-
copyranoside; n-decyl p-D-maltoside; tritons; Nonidet-P-40;
Poloxamer 188; sodium lauryl sulfate; and sodium deoxycho-
late.

7. The method of claim 1, wherein the lipases are phospho-
lipases.

8. The method of claim 1, wherein the first medium is a
basal medium selected from the group consisting of RPMI
1640, DME/F12, DME, F12, Waymouth’s, and William’s
medium.

9. The method of claim 1, wherein the second medium
comprises at least one of the constituents present in interstitial
fluid.

10. The method of claim 1, wherein the delipidating buffer
of step (b) comprises front about 20 units/L. to about 50
units/L. phospholipase A2 and about 1% sodium deoxycho-
late in the first medium.

11. The method of claim 1, wherein the salt concentration
of'the buffer of step (c) is from about 3.4 M NaCl to about 3.5
M NaCl when used for scaftold preparation from an adult
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liver and is from about 4.0 M NaCl to about 4.5 M NaCl when
used for scaffold preparation from a fetal liver.

12. The method of claim 1, wherein the buffer of step (c)
further comprises a protease inhibitor.

13. The method of claim 12, wherein the protease inhibitor
is soybean trypsin inhibitor.

14. The method of claim 1, wherein the buffer of step (d)
further comprises a protease inhibitor.

15. The method of claim 13, wherein the protease inhibitor
is soybean trypsin inhibitor.

16. The method of claim 1, wherein all media and buffers of
steps (a) through (e) are free of a detectable amount of an
enzyme that degrades extracellular matrix components.

17. The method of claim 1, wherein the biological tissue is
selected from the group consisting of liver tissue, lung tissue,
pancreatic tissue, thyroid tissue, intestinal tissue, skin tissue,
blood vessel tissue, bladder tissue, heart tissue and kidney
tissue.

18. The method of claim 1, wherein the biological tissue is
from a mammal.



